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A bstract
The structure o f  the interface betw een two polym er phases is o f  considerable 
interest from a fundam ental point o f  view. Polym ers represent in  fact m odel 
systems to address problem s o f  statistical m echanics o f  fluids, and to test m ean 
field theories. M oreover, polym er/polym er interfaces play an im portant role in 
technology, because the structure o f  the interface betw een im m iscible or quasi- 
im m iscible polym ers controls adhesion, wetting, m echanical and optical 
properties o f  materials. In this thesis the interface betw een thin polym er films 
was extensively investigated by  using neutron reflectivity. This study was 
focused on a particular class o f  polym ers, random  copolym ers o f  ethylene and 
ethylethylene. In these systems it is possible to tune the size o f  the energetic 
interaction betw een polym er pairs, and thus to control the miscibility, by  
changing the copolym er ratio. One o f  the aims o f  the experim ental w ork was to 
determ ine for the first tim e the dependence o f  the structure o f  the interface on the 
degree o f  im m iscibility o f  the polym ers over a wide range, as criticality is 
approached, characterising the interface in term s o f intrinsic w idth, as calculated 
by  m ean field theories, and capillary fluctuations. Far from the critical point, the 
w idth o f  the interface increases slow ly as the degree o f  im m iscibility is 
decreased, and it is independent o f  the m olecular weight o f  the polym ers. Closer 
to criticality, the dependence on the m iscibility becomes stronger, and the w ay in 
w hich the interfacial w idth diverges depends on both the interaction param eter 
and the length o f  the polym er chains. The m echanism  by  w hich confinem ent 
affects the interface betw een two polym er phases was also investigated. The aim 
was to understand the relative im portance o f  long-ranged Van der Waals forces 
and short-ranged “truncation” forces in m odifying interfacial fluctuations. To 
achieve this experim entally the dependence o f  the interfacial w idth on the film  
thickness was studied for different conditions o f  miscibility. It was observed that, 
as criticality is approached, there is a gradual transition from  a region where 
long-ranged forces dom inate, at a higher degree o f  incompatibility, to a region 
approaching criticality where truncation forces are relevant. The contrast m atch 
technique for thin polym er films w as also investigated.
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C h a p t e r  1
An introduction to interfaces in thin  
polym er film s
1.1 Introduction
The problem  o f  the structure o f  the interface betw een two coexisting fluid 
phases has a long history, dating back to Van der W aals [1]. A  lot o f  theoretical 
w ork has been done in this area, particularly in relation to phenom ena like 
wetting and phase separation [2-4]. H ow ever a num ber o f  challenging theoretical 
questions rem ain open, in particular related to the structure and to the dynamics 
o f  interfaces in  situations o f  reduced dimensionality.
Polymers, in  general, represent m odel systems to elucidate fundam ental 
problem s o f  statistical m echanics o f  interfaces betw een fluids. Their long natural 
length scales, set by  the radius o f  gyration o f  the m olecule, com pared w ith the 
atom ic distances, sim plify theoretical approaches [5], In addition, these m aterials 
are characterised by  slow dynamics, m aking them  convenient to investigate on 
typical experim ental tim e scales. A nother advantage o f  polym ers com pared to 
small m olecules is given by  the possibility o f  synthesizing polym ers w ith well- 
defined chain lengths, and thus to influence the importance o f  concentration 
fluctuations at the interface [6], M oreover, the possibility to create polym er 
systems w ith com binations o f  different m onom ers broadens the already wide
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variety o f  properties o f  polym eric m aterials. For example, copolym ers w ith 
specific characteristics, such as elasticity or perm eability, can be obtained by 
changing the relative ratio o f  the different m onom ers [7-8].
The interface betw een two im m iscible or quasi-miscible polym ers, both 
in bulk and in thin films, is also o f  considerable relevance in industry and 
technology. The structure o f  the interface controls in fact im portant properties o f  
m aterials, such as adhesion, wetting and optical properties, to cite some, and it 
thus plays an im portant role in m any applications, including coatings, 
lithography, data storage, nanoim printing and optoelectronics [9-12]. In 
m ulticom ponent polym er blends, for example, the interface am ong the different 
phases controls the level o f  adhesion o f  the components and thus the m echanical 
properties [11], while in polym er sensors and optoelectronics devices the 
therm odynam ic properties o f  the interfaces are crucial to determ ine the system s’ 
perform ances [12], It is therefore critical to understand the properties o f  the 
interfaces betw een polym er phases.
The experim ental effort has been in general sm aller than the theoretical 
one, largely because the study o f  the structure o f interfaces betw een two 
coexisting fluids and the control o f  the strength o f  surface fields in confining 
geometries can present experim ental problem s [13].
The aim o f  the research w ork presented in this thesis is to extensively 
investigate the structure o f  the interface betw een mixtures o f  very well controlled 
polym ers in thin films, by  using neutron reflectivity com plem ented by other 
techniques. The m ain questions addressed in this study are the following:
How does the width o f the interface depend on the conditions o f
miscibility as criticality is approached?
How is the structure o f  the interface modified by interfacial fluctuations?
Which is the effect o f  a confined geometry on the interface?
To address these issues, and to bridge the experimental results w ith the 
different theoretical approaches in the context o f  polym er/polym er interfaces, a 
clear understanding o f  the theoretical m ethods used to investigate interfaces is 
needed. Thus in the next sections o f  this Chapter the principles o f  the 
therm odynam ics o f  m ixing w ill be discussed briefly and the m ain m ean field
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theories, that can be used to predict analytically the concentration profile across 
an interface betw een two polym er phases, w ill be reviewed. The m easured 
interface betw een two im m iscible polym ers is not only diffuse on a m olecular 
scale, as assum ed by  the Self-Consistent Field theory, but also roughened by 
capillary waves [14]. In the last two sections a b rie f introduction to capillary 
waves and to the effect o f  confinem ent on interfacial fluctuations will also be 
given.
1 . 2  T h e r m o d y n a m i c s  o f  p o l y m e r  m i x i n g :  t h e
F l o r y - H u g g i n s  m o d e l
The first step to understand the physics o f  polym er/polym er interfaces is to 
introduce the conditions under w hich two polym ers are m iscible. The quantity 
that determines w hether two polym ers, A  and B, w ill m ix or not, is the free 
energy o f  m ixing (FmjX). This is defined as the difference betw een the free energy 
o f  the m ixture Fa+b and the total free energy o f  the two polym ers w hen 
separate[14-15]:
Fmix==F a+B -  (Fa+Fb) (1.1)
Two polym ers w ill form  a hom ogeneous phase i f  their Fmix is negative, while for 
a positive FmjX , a single phase w ill not be stable and the system  w ill undergo 
phase separation to m inim ise the energy. In order to predict the phase behaviour 
o f  the two polymers, it is then necessary to know the behaviour o f  the free energy 
o f  mixing.
In 1942 Flory and H uggins (F-H) form ulated a theory to describe the 
therm odynam ics o f  m ixing o f  polym er blends [14]. They considered a polym er 
chain in  a sim ple lattice m odel, w here each lattice site can be occupied by a 
m onom er o f  species A  or B only once w ith a uniform  density. In this approach 
different shapes and sizes o f  m onom ers are not taken into account, and the 
polym er chains can differ only b y  the degree o f  polym erisation N , the num ber o f  
units in a chain.
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The free energy o f  m ixing is determ ined by a balance betw een the gain in 
entropy o f  the system, related to the length o f  the polym er chains, and the 
unfavourable energy due to the interactions betw een two different species. In the 
F-H  m odel the entropy o f  m ixing per m onom er unit assumes the form:
(1.2)
w here cpA and (pe represent the volum e fractions o f  the polym ers A  and B 
respectively, N A and N b are their respective degrees o f  polym erisation, and k is 
the Boltzm an constant. Thus, in com parison to the free energy o f  m ixing o f  
sim ple liquid m olecules, the entropy o f  each chain is reduced by  a factor N  due 
to the connection o f  segm ents that belong to the same polym er chain.
The energy associated w ith the m ixing, assum ing that each site o f  the 
lattice is occupied by  a segm ent A  or B, and thus (cpA + (pB) = 1, is given by:
Umk =  cpA(pB%kT
where % is the F-H interaction param eter and T the temperature.
The param eter x  is defined as follows:
x=  [z (2eab-saa-8bb) /  (kT)] (1.4)
where Sab > SAA and Sbb are the energies associated w ith the interactions 
betw een two neighbouring segments in the lattice, respectively AB, A A  and BB, 
and z is the coordination num ber, i.e. the num ber o f  neighbours in  the lattice. 
X represents the change in energy, in units o f  kT, w hen a m onom er o f  the 
polym er A  is swapped w ith a m onom er o f  B in a pure phase A. In polym er pairs 
w ith a negative x th e  m ixing is favourable, due to the presence o f  specific 
chem ical interactions, such as hydrogen bonds. How ever for m ost polym er 
systems the m ixing is unfavourable, and % takes positive values, typically in the 
range betw een 0.0001 and 0.1.
The Flory-Huggins Free Energy o f  m ixing F Fh p er  m onom er unit is then
given by  the difference betw een U mix and the entropic energy, (product o f  the 
entropy Smix and the tem perature T) [14]:
4
P'fH ~ ^  mix mix
Therefore substituting equations (1.2) and (1.3), the following equation is 
obtained:
(1.5)
Ffh - kT ln((p A ) + T T  ln(9 B ) + A 9  5
N a N b
(1.6)
Figure 1.1 shows an exam ple o f  phase diagram  predicted by the F-H model in the 
sim ple case o f  polymers with the same degree o f  polym erisation N A = Nb =N. 
The free energy o f  m ixing per m onom er unit, divided by the factor kT, is plotted 
as a function o f  the volum e fraction o f  one species, cpA, for different values o f  the 
degree o f  m iscibility, defined as the product o f  % and N.
9 a
Figure 1.1: Free energy o f  m ixing per m onom er unit divided by kT as a 
function o f  the volum e fraction o f  the polym er A , cpAt for different degrees 
o f  m iscibility xN.
Two different situations can be observed in the diagram: for x  N < 2, the free 
energy curves have a concave shape, while for x N>2 the free energy has a 
convex shape in the region defined by the two minima. This is m ore clearly 
shown in Figures 1.2a and 1.2b, where exam ples o f  the two possible situations 
are presented separately.
5
Figure 1.2: Free energy o f mixing as a function o f the composition o f  
polymer A, cpA, for fully miscible polymers with degree o f immiscibility 
X N<2 (a), and for immiscible polymer pairs with x N>2 (b). In the first 
case (a) two polymer phases with initial compositions 91 and (p2 can 
lower their free energy from Fi to Fp by mixing. In the second case the 
energy correspondent to a one-phase system will be higher inside the 
coexistence line and the system will undergo phase separation to 
compositions (pi and 92  •
To have a clear understanding o f the physical meaning, a more detailed 
analysis is required. In the first case (Figure 1.2a), by considering a two-phase 
system with initial compositions 91 and 92 and free energy Fi , it is always 
possible to find a one-phase composition 90  between 91 and 92  with a lower free 
energy Fp. The mixture between the two species is then stable. In the second case 
(Figure 1.2b) the free energy curve presents a coexistence curve between the two 
minima: in this region mixtures with composition 90  can lower their initial free 
energy Fi by separating in two different phases. The most stable phase 
compositions in this example are 91 and 9 2 .
Inside the coexistence curve it is possible to distinguish two different 
situations, as shown in Figure 1.3: the curvature o f the free energy can be either
9 9negative, d FpH/d9 A <0, or positive, d Fpn/d9 A >0. For a one-phase volume 
fraction 9 a the system is locally stable to small fluctuations in the composition. In 
order to lower the free energy and separate in two phases, it needs to overtake an 
energy barrier, therefore this composition is considered metastable. However, at 
a composition 9 b, the system will be unstable to small fluctuations, and will not 
require an additional energy to separate. The spinodal line is then defined as the
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locus o f  the points where there is a transition between m etastable and unstable 
com positions and the condition d2FFH/d(pA =0 is satisfied. The intersection 
betw een spinodal and coexistence line, where the condition d3FFH/dq)A =0 is 
verified and the shape o f  F Fh is flat, is the critical point.
Figure 1.3: Free Energy o f  m ixing as a function o f  the composition: for the 
volume fraction cpa one-phase com positions are m etastable, while for (pb 
are unstable to small fluctuations.
The m eaning o f  the critical point can be better understood looking at the 
phase diagram  o f  the polym er pair as a function o f  the volume fraction cpA and o f 
the degree o f  im m iscibility xN, shown in Figure 1.4. Again the simple case o f  
two polym ers with the same degree o f  polym erisation N is considered. In this 
diagram  the values o f  com position and m iscibility that correspond to 1-phase and 
2-phases systems are separated by the coexistence curve, that is defined by the 
condition dFpn/dcpA = 0 and leads to the following equation
Xco«<N ~ -| 1 , ln
^A
( <Pa  Y  
1 - ¥ > a
(1.7)
Inside the 2-phase region the spinodal line defines the limit between m etastable 
and unstable com binations o f  com positions and degrees o f  m iscibility and is 
given by the equation
7
From d'FpH/dcpA =0 , it is shown that the critical point occurs at Xc=2/N. Thus, for 
polym er pairs with degree o f  im m iscibility lower than 2, the gain in entropy is 
large enough to overcom e the unfavourable energetic interaction, and m ixing is 
favourable. How ever m ost o f  the polym er pairs are immiscible. There are two 
ways to approach the critical point: for polym er pairs with a small interaction 
param eter, x > criticality is achieved at higher m olecular weights , while more 
interacting systems could becom e m iscible at lower values o f  N. Close to the 
critical point, the coexistence and spinodal lines present a flat shape and the 
system can have large fluctuations in com position with small changes in free 
energy.
2Xspin N < p f N(l-n ) (1.8)
<PA
Figure 1.4: Phase diagram  as a function o f  the degree o f  im m isicibility xN 
and o f  the volum e fraction o f  the species A, (pA. The coexistence curve 
divides the region where the system  is stable as a single phase from the 
two-phase region, while the spinodal line separates unstable and m etastable 
compositions.
The phase diagram  and the equations discussed so far are valid for a 
symm etric polym er pair (N A = N B). H ow ever for unsym m etrical polym er 
m ixtures, for example in the case N A > N B, the critical point is shifted and is 
defined by the condition Xc = 2 /N , where N is given by [15]:
8
ft { J K i T n I
4 N aN b
(1.9)
As a result, for strongly asym m etric polym er pairs, m iscibility is achieved at 
larger values o f  %c.
The Flory-Huggins theory is based on a very simple m odel, and several 
attempts have been done to elaborate m ore refined theories, that consider the 
possibility o f  a change o f  volum e during the m ixing [16] and deal w ith packing 
effects due to the local structure o f  polym ers [17]. However, despite its 
assum ptions, this theory represents a pow erful instrum ent to predict the free 
energy for different com positions and tem peratures, and thus to describe the 
phase behaviour o f  polym er m ixtures.
1 . 3  P o l y m e r / p o l y m e r  i n t e r f a c e s
The theory o f  polym er interfaces is a m ature field o f  research and 
com prehensive reviews can be found in the literature [4]. Two o f  the m ost 
pow erful theoretical m ethods to predict the structure o f  the interface betw een two 
polym er phases are the Self-Consistent Field theory and the Square Gradient 
approach. A  good introduction to these theories is reported in the book o f  RA L 
Jones and R. W . Richards [14], to w hich these and the following sections are 
inspired. Both o f  these theoretical approaches m ake use o f  m ean field 
approxim ations. The SCF theory represents an example o f  a m icroscopic 
approach, where the starting point is a statistical m echanical description o f  a 
single polym er chain. The exact solution o f  SCF problem s requires the use o f  
num erical calculations [18], how ever an analytical solution can be derived to 
describe the concentration profile across the interface in the lim it o f  strongly 
im m iscible polym ers [19].
The Square gradient theory, in  contrast, is a phenom enological approach, 
and m akes use o f  collective variables w hose m icroscopic origins are not directly 
addressed by  the theory [4], This m ethod provides an analytical solution to
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obtain the w idth o f  the interface and the interfacial tension for w eakly im m iscible 
systems, close to the critical point.
Thus SCF and Square G radient theories can be used to determine 
analytically the interfacial profile for different conditions o f  m iscibility, but the 
lim its o f  these two different approaches are still not well understood. In the next 
sections an overview  on the basic principles o f  the two theories w ill be given.
1 . 3 . 1  T h e  S e l f - C o n s i s t e n t  F i e l d  t h e o r y
The problem  o f  the conform ation o f  a polym er chain that is interacting 
w ith m any other chains presents a rem arkable analogy w ith the classical problem  
o f  the electronic structure o f  atom s w ith m any electrons, w hich can be solved by 
using the Hartree m ethod. This idea, originally pointed out by  Edw ards, is at the 
base o f  the Self-Consistent Field (SCF) theory proposed in  1971 by  H elfand and 
Tagam i, in order to determ ine the w idth o f  the interface and the interfacial 
tension betw een two im m iscible polym er phases [19]. This approach considers a 
polym er chain at the interface as a random  w alk in a chem ically inhom ogeneous 
environm ent. The w alk is affected by  a m ean field potential, resulting from  the 
interaction w ith all the other polym er chains. The first step in the SCF m ethod is 
the definition o f  a distribution function q(r, r \  t), that represents the probability 
that a chain w ith  t segm ents starts at a position r and finishes at r \  Each polym er 
chain can then be described by  the following equation [14]:
N E K A  = (1-10)
at 6 kT
w here a is the characteristic segm ent length o f  the polym er, lc the Boltzm an 
constant and T the tem perature. U (r  )  is a spatially varying potential defined as 
[14]:
U(r)  = zG  ~ cp(r)) + w (r) ^  { ^
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In equation (1.11) the first term  describes the energetic interaction betw een 
different m onom ers, while the second part, expressed as the function w(r), arises 
from the assum ption o f  incom pressibility o f  the system. M aking use o f  relations 
(1.9) and (1.10) it is thus possible to obtain equations for the distribution
functions in the case o f  two im m iscible polym ers, A  and B. In the case o f  a
planar interface, where only the z com ponent is important, these are given by:
a U r f W v a  { t ) _ U M q A Z )0  (1.12a)
a  6 A kT A
and
5qB(Z, 0  = r f y2 }_ C 7 (£ )  (112b )
a 6 B kT
The volum e fractions <pA (z) and (pn (z) are then related to the distribution 
functions by the following equations:
1 N
<Pa (z )  =  —  \ d t q A{ z , N - t ) q A(z U 3 a)
2 Y 0
and
1 N
<PB(z ) = —  \ dtqB( z , N - t ) q B(z,t)  (1.13b)
^  o
where N  represents the total num ber o f  segm ent in the polym er chain.
Since each polym er m olecule at the interface obeys equations (1.12) and 
(1.13), the result is a system  o f  coupled differential equations, the solution o f  
which requires the use o f  num erical m ethods [18]. However, for two strongly 
im m iscible polym ers, in  the lim it o f  infinite m olecular m ass (N -»  oo) (strong
segregation limit), there is an analytical solution. In this case all the segments
along the polym er chain are equivalent and equations (1.13a) and (1.13b) can be 
replaced by the sim ple expressions:
and
<Pa O )  = ‘12a (z ) (1.14a)
l l
(1.14b)
For the specific boundary conditions cpA (z —» -oo) = 0 and 
(pA (z ->  oo) = 1, the volum e fraction o f  the polym er A across the interface, (pA (z), 
is then given by the following function, also represented in Figure 1.5 [14]:
r \ 1<Pa ( z ) =  ~
( \
1 + tanh
z
l w/ J
(1.15)
where z represents the distance from the mean point o f  the interface, and w/ , 
known as the intrinsic interfacial width, is defined as
w , = (1.16)
In equation (1.16) a is the characteristic segment length o f  the polymers. 
The total width o f  the interface is defined as 2wi, as shown in the figure.
z / w
Figure 1.5: Interfacial profile predicted by the Self-Consistent field theory 
for strongly im m iscible polym er pairs .The volume fraction o f  the species 
A, (pA ,is plotted as a function o f  the distance from the m ean point o f  the 
interface, z, divided by the intrinsic interfacial width W|.
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The interfacial tension y betw een the two phases is given by  the expression:
y =  lcTp f l
V 6
( 1 . 1 7 )
w here p is the density o f  the polym ers, a is the characteristic segm ent length, k  is 
the Boltzm an constant and T is the tem perature.
For systems w ith finite relative m olecular m ass, the determ ination o f  
interfacial tension and intrinsic w idth requires rather difficult calculations [20- 
21]. How ever different expressions have been proposed to replace equations
(1.16) and (1.17). To predict w7 and y Tang and Freed suggested the following 
interpolation form ulae [22], that have been shown to be in good agreem ent w ith 
num erical calculations o f  SCF theory :
As can be observed in equations (1.18) and (1.19), the corrections to the values 
obtained in the strong segregation lim it depend only on the degree o f  
im m iscibility %N and becom e im portant only for polym er pairs close to
tension y depends on the square root o f  the interaction parameter.
It should be pointed out that these results are obtained under the 
assum ption that the density and the statistical segment lengths o f  the two 
polym ers are identical. I f  this approxim ation is removed, m ore complicated 
expression can be derived for w/ and y [23].
(1.18)
(1.19)
criticality. Thus the interfacial w idth varies m ainly with %‘I/2 w hile the interfacial
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1 . 3 . 2  W e a k l y  i m m i s c i b l e  p o l y m e r s :  t h e  S q u a r e  
G r a d i e n t  t h e o r y
The SCF theory provides analytical expressions for the w idth o f  the 
interface and the interfacial tension betw een strongly im m iscible polym er pairs. 
H ow ever for m ore m iscible system s the approxim ation o f  strong segregation o f  
the two polym er phases is not valid anymore. In this case, the theory  proposed by 
Cahn and H illiard can be used to predict the interfacial w idth [24]. This approach 
is based on the assum ption that the num ber o f  configurations available for a 
polym er chain at the interface is reduced by  the presence o f  a gradient in the 
composition. The free energy is then given by  the sum o f  two term s [4]: the 
Flory-Huggins free energy FFn(cp) for a hom ogeneous m ixture o f  the two 
polym ers and a second term  proportional to the square o f  the com position
gradient (v cpj . The final form  for the free energy per segm ent for an 
inhom ogeneous system, know n as the Square Gradient expression, is:
fsq=/cr J|ffh(0)+ /# ) (v  cpf dr
(1.20)
The gradient coefficient \<l((f>) is given by  :
/ \ X r°2 a2Ar(cp)  -  —------+
36(p(\- cp) (1.21)
w here the first term  represents the interm olecular interactions in  a  range defined 
by  the distance ro o f  the order o f  a few nanom etres [2], w hile the second term  
describes the entropic effects due to the restriction o f  possible configurations for 
the chain (a is the statistical segm ent length and cpa,b are the volum e fractions o f  
polym er A  and B respectively). This phenom enological approach is valid in the 
lim it o f  relatively small concentration gradients, condition verified only for 
w eakly im m iscible polym er pairs.
N um erical m ethods can be used in  order to find a concentration profile 
that m inim ises the free energy. How ever, close to the critical point, where the
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concentration varies slow ly on the scale o f  the radius o f  gyration (weak 
segregation lim it) [14], there is an analytical solution given by:
(p\ + (pi + (cpi -  #?i)tanh
ft Wcrit
(1.22)
where (pi and (p2 are two coexisting com positions that define the boundary 
conditions in the system, and z represents the spatial dim ension perpendicular to 
the interface. The critical interfacial w idth, w cri t , and the interface tension, ycrjt , 
are given in this case by:
Wcrit  —
a s [ N r
Ycrit
- 1
Yi
and
(1.23)
Ycrit  =
9 kT
ci24 n
Xcrit 
K X .
%
(1.24)
where %crit represents the value o f  F-H  interaction param eter at the critical point. 
Equations (1.23) and (1.24) show that at the critical point the w idth o f  the 
interface diverges while the interfacial tension goes to zero.
A lthough this theory gives an estim ation o f  w and y for weakly 
im m iscible polym ers, it is not particularly accurate very close to the critical 
point, where fluctuations in  the com position becom e m ore im portant and the 
m ean-field approach should be reconsidered [1]. According to the G inzburg 
criterion the lim it o f  the m ean-field approxim ation, or in other w ords how close 
to the critical point one needs to be for these fluctuations to becom e relevant, is 
defined by  the condition:
X
X  crit
<
N
(1.25)
From  equation (1.25) it follows that in the case o f  high m olecular weight 
polystyrene and deuterated polystyrene, for example, concentration fluctuations
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must be taken into account only when the distance from the critical point is lower 
than 0.05 °C.
1 . 4  F l u c t u a t i o n s  a t  i n t e r f a c e s
Mean field theories should describe well the interfacial width between 
immiscible polymer blends. However different experiments on immiscible 
polymer pairs have found discrepancies between the experimental results and the 
theoretical predictions o f the SCF theory: the measured interfacial width was 
broader than the one estimated theoretically [25-27]. This difference has been 
attributed to the presence o f capillary waves at the interface [28-29]. These are 
thermally excited fluctuations o f the local position o f the interface, present at all 
fluid interfaces [30]. The interface between two immiscible polymers can then be 
imagined as a bare interface with width 2wi, roughened by the presence o f  
capillary waves, as illustrated in a “cartoon” in Figure 1.6.
P h a s e  B  P h a s e  B
(a) (b)
Figure 1.6: Coexistence between two immiscible polymer phases A and B. 
In figure (a) an example o f a bare interface, diffuse only at molecular level, 
is shown. In figure (b) the interface between the two coexisting polymer 
phases is broadened by capillary waves, and the resulting interfacial region 
( 2w ) is broader.
In general the dividing surface between the two fluid phases, g(x, y ), can 
be represented as the sum o f surface waves [1]:
g (x ,y )  =  'Z t A (q )e (" s (1.26)
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where s  represents a vector in the (x,y) plane, while #and A(q) are, 
respectively, the wave vector and the amplitude o f each capillary wave. Each
wave creates a surface area with free energy ~ A ( q ) 2q 2S y , S being the total area
o f the flat interface and y the interfacial tension. Making use o f the theorem of 
equipartition o f the energy, at equilibrium the average value o f the energy
associated with the additional surface is i / c T . The mean square value o f the
amplitude o f capillary waves is then given by [14]:
L (q)2) = ^ - y  d -2 7 )
The contribution o f capillary waves to the interface can be calculated by 
integrating the mean square capillary wave dispersion due to all the possible 
waves :
< 4 = ( ? - { $ ? ) = f
kT  dq
2 Try q (1 .2 8 )
In principle all the values are possible for the wave-vector q, thus the integral o f  
equation (1 .2 8 ) diverges and the position o f the interface is not defined 
thermodynamically. There must be therefore physical limits to the wavelengths 
and the mean squared dispersion o f capillary waves obtained by integrating 
equation (1 .2 8 ) can be written as:
2 _  kT  ( q nmx
(7 2 9 )
where qmin and qmax represent the lower and upper cut-off for capillary wave- 
vectors. The maximum value o f q is related to a minimum length defined for the 
system, such as the intrinsic width wi o f the interface. A detailed analysis by 
Semenov shows that the effective qniax is indeed given by l/(7iwi) [29].
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The definition o f qmin is instead more complex. The lowest possible 
wave-vector can be related for example to the lateral size o f the system: the 
wavelengths camiot in fact exceed the size o f the sample. However other factors 
may determine a different cut-off, like, for example, the lateral resolution o f  the 
technique used to measure the interface or an external force.
In general an external potential v(z) will introduce a cut-off qext given by:
For instance, gravity introduces a lower cut-off on the spectrum characterised by 
a gravitational capillary length agrav given by [1]:
where Ap is the difference in the mass density between the two phases. For 
polymer/polymer interfaces this length is o f  the order o f millimetres [31], thus in 
these systems wavelengths longer than few millimetres will not be considered.
Hence the total interfacial width measured experimentally, 2w, can be 
considered as composed by two terms related to the intrinsic width wj and to the
capillary waves component eft, added in quadrature:
It should be pointed out that the experimental width not only depends on the 
conditions o f miscibility, but also on the dimension o f the sample investigated, 
on the coherence length o f the experimental technique and on external forces, 
that may modify the contribution o f  interfacial fluctuations to the interface.
(1.30)
(1.31)
(1.32)
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1 . 5  C o n f i n e m e n t  e f f e c t s  o n  p o l y m e r / p o l y m e r  
i n t e r f a c e s
As discussed in the previous section, the width o f  the interfaces between 
two polymer phases can be substantially influenced by potentials that affect the 
spectrum of capillary waves. For polymer thin films, two different behaviours 
have been observed experimentally that relate the size o f the system to the 
interfacial width. Experiments on the strongly immiscible polymer pair 
polystyrene/poly(methyl-methacrylate) (PS/PMMA) showed that long-ranged 
dispersion forces acting across a very thin films introduce a cut-off for small 
wave-vectors, leading to a logarithmic dependence o f the interfacial width on 
film thickness [31-33].
Instead contrasting results were obtained from the investigation o f a 
quasi-miscible polymer pair, close to the critical point: the lower cut-off for 
capillary wave-vectors was determined in this case by the short-ranged 
interactions between the polymer/polymer interface and the other film 
boundaries; the measured interfacial width was found to vary with the square- 
root o f the film thickness [34-35].
Computer simulations o f the thickness dependence o f the interfacial 
profiles between two polymer phases confined between rigid walls suggest that 
both these forces in principle should be considered [21], however the mechanism 
by which the confined geometry affects the interfacial width is not fully 
understood.
The effect o f long and short-ranged forces on the spectrum o f capillary 
waves will be discussed more in detail in the next sections.
1 . 5 . 1  L o n g - r a n g e d  d i s p e r s i o n  f o r c e s
Van der Waals dispersion forces arise from the instantaneous dipole- 
dipole interaction between atoms or molecules [36]. These forces, characterised 
by being effective on long ranges, are always present, even between neutral
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systems, and play an important role in many physical phenomena, such as 
wetting, adhesion or absorption. In the case o f an interface between two 
polymers, dispersion forces become important when one or both the phases are 
rather thin. When a thin layer is interposed between two semi-infinite media, like 
for example a polymer substrate and another medium, there will be a Van der 
Waals interaction between the two media across the film inversely proportional 
to the fourth power o f  the thickness o f the layer d [31]:
(1.33)
where A is the Hamaker constant. The dispersion force may lead to a cut-off for 
small wave-vectors that suppresses capillary waves with wavelengths longer than 
a characteristic capillary length adiS. As a result the contribution o f capillary 
waves to the interfacial width is reduced, as shown schematically in Figure 1.7, 
where the effect o f finite size on capillary waves is represented.
Figure 1.7: Effect o f finite size on capillary waves. As the thickness o f one o f  
the coexisting phases is decreased, the amplitudes and the wavelengths o f  
capillary waves are reduced leading to a narrower interfacial region.
Making use o f equation (1.30), the following expression can be derived for a 
dispersive length a^  [31]:
adisp = O -34)
N
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As a result, for the interface between a polymer substrate and a thin film of 
thickness d, the value o f qnijn in equation (1.29) is equal to 2 n  / a disp . The mean
squared dispersion o f capillary waves is then given by:
2 k T  1 cr: =  In9 2 yn y Cx
q™x-d2 kT
2 yn
In
A \
c ,
+ 2 In d (1.35)
where the constant Ci introduced is equal to
r  y
. Thus the measured
interfacial width will vary logarithmically with the thickness o f the film d, as 
observed in neutron reflectivity experiments by Sferrazza et al. [31].
1 . 5 . 2  S h o r t - r a n g e d  “ t r u n c a t i o n ”  f o r c e s
For quasi-miscible polymer pairs, and thus broader interfaces, another 
effect related to the finite size o f the system needs to be taken into account. 
When the interfacial width is a considerable fraction o f the thickness o f  the film, 
there will be short-ranged interactions between the interface and the boundaries 
of the layer. A polymer molecule at the interface will be subject in this case to an 
effective potential that takes the form [37-39]:
V (d)OC e ~ u  (L36)
where d is the distance o f the interface from the boundary surface. This surface 
field will have the effect to truncate the interfacial profile, by introducing a large
correlation length g  on interfacial fluctuations in the direction parallel to the
plane o f the interface, which increases exponentially with the thickness o f the 
film d [40-42]:
k d /
g  «  ifBe  72 ( i-37)
In equation (1.37) gs represents the bulk correlation length [42] and k'1 is a 
transverse decay length, k is o f  the order o f gs for weakly immiscible polymer
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pairs, while it is better approximated by the interfacial width in the limit case o f  
strongly segregated polymer mixtures [41].
The strong dependence o f  £  on film thickness can be understood by 
considering that the “truncation effect” is weak in thicker films, where the film 
boundaries are more distant from the mean position o f the interface. For thinner 
films instead it becomes more important and the correlation length is smaller. As 
a result, the lower cut-off qmjn is given by 2nl t; and, neglecting long-ranged 
forces, the capillary wave mean square dispersion cr/ o f equation (1.29) takes 
the form:
r \
From equation (1.38) it follows that, in the presence o f short-ranged forces, the 
contribution o f capillary waves to the interfacial width cr/ contains a term that is 
proportional to the film thickness d, as shown experimentally by Kerle et al [34].
1 . 6  O v e r v i e w  o f  t h e  t h e s i s
The aim o f the experimental work o f this thesis was to probe the structure 
o f the interface between two polymer phases, both in bulk and in confined 
geometries, approaching criticality. The primary technique used to investigate 
polymer/polymer interfaces is neutron reflectivity. The basic principles o f  this 
method and o f the other complementary techniques used in the experimental 
work will be elucidated in Chapter 2. In this chapter the polymers used will also 
be described. These are random copolymers o f polyolefins. Pairs o f these 
polymers have an unfavourable interaction that depends in a relatively simple 
way on the copolymers ratios o f the components [43-44]. Different conditions o f  
miscibility can then be probed by using a wide range o f copolymer ratios and 
molecular weights.
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In Chapter 3 the experim ental w ork done to characterise the structure o f 
the interface betw een polym er phases as a function o f  the degree o f  im m iscibility 
%N, as criticality is approached, w ill be described. Quantitative tests o f  the theory 
will be also reported, to determ ine the accuracy o f  m ean field m ethods and 
num erical calculations.
The m echanism s by  w hich finite size effects influence the interfacial 
w idth betw een two polym ers are discussed in  Chapter 4. There is a controversy 
in the literature about the relative im portance o f  long-ranged V an der W aals 
forces [31-33] and short-ranged ‘truncation forces’ [34-35] in  m odifying the 
contribution o f  capillary w aves to the interfacial w idth in thin films. 
Experim ental results w ill be reported on the thickness dependence o f  the 
interfacial w idth for polym er pairs w ith different m iscibility. As criticality is 
approached, a gradual transition is shown from a region where long-ranged 
dispersion forces are dom inant in influencing the capillary w ave contribution to 
the interfacial w idth, for higher degrees o f  imm iscibility, to a region where short- 
ranged forces becom e m ore im portant and the dependence o f  the interfacial 
w idth on films thickness is stronger.
A nother aim  o f  the experim ental w ork was to investigate the possibility 
to extend the range o f  sensitivity o f  neutron reflectivity to broader interfaces. 
N eutron reflectivity m easurem ents have been proved to be very sensitive to 
narrow interfaces, how ever this technique is not very accurate w hen interfaces 
betw een quasi-m iscible polym er pairs are studied. In Chapter 5 the use o f  the 
contrast m atching technique to study polym er/polym er interfaces w ill be 
explored. In order to determ ine the interfacial profile w ith m ore accuracy, 
substitutions betw een hydrogen and deuterium  are used to m anipulate the 
refractive index and m atch the different phases, to obtain contrast only at the 
interface betw een the two polym er layers.
Finally, in  Chapter 6 , the conclusion section will sum m arise the m ain 
results o f  this work.
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C h a p te r 2
Experim ental methods
2 . 1  I n t r o d u c t i o n
A  wide variety o f  experim ental techniques have been developed to 
investigate interfaces in polym er system s, w hich can differ for the k ind o f  
inform ation provided, for sensitivity and resolution [1-2]. These include 
reflection techniques [3-4], ion beam  scattering [5-6], dynam ic secondary ion 
m ass spectrom etry (SIM S) [7] and Scanning force m icroscopy (SFM ) [8-9].
In the w ork o f  this thesis neutron reflectivity has been em ployed to probe 
polym er/polym er interfaces. This is an ideal tool to investigate the com position 
profile across buried interfaces, w hich are not easily accessible to other 
techniques [3-4]. A  neutron beam  in fact is able to penetrate over hundreds o f  
nanom etres o f  a condensed m atter phase, detecting the variation o f  the scattering 
length density as a function o f  the depth. This technique has a resolution o f  a few 
angstroms, thanks to the short wavelengths available for therm al neutrons, 
allowing the study o f  interfaces o f  the order o f  the nanom etre or less. In addition, 
it is non-destructive: it is thus possible to perform  repetitive m easurem ents on the 
same sample to investigate in situ dynam ic processes, such as dew etting [1 0 - 1 1 ] 
and polym er interdiffusion [12]. The success o f  neutron reflectivity in polym er 
science arises from the fact that the scattering length density o f  m aterials can be
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altered w ith isotopic substitutions betw een hydrogen and deuterium . This offers 
the possibility to enhance the contrast betw een polym er phases by  using 
deuterium , and thus to study interfaces also betw een chem ically identical 
polym ers.
W hen two phases have different electronic density, X -rays reflection 
could likewise be used to detect the com position profile in  the direction 
perpendicular to the sam ple surface and to probe surfaces and interfaces on 
atom ic scales [3,13,14]. H ow ever few examples o f  studies o f  polym er/polym er 
interfaces by X-rays reflectivity exist in the literature, due to the small 
differences in electron density in polym er system s [15-16]. hi order to increase 
the contrast, heavy atom s could be used to label one o f  the polym ers, although 
this procedure m ay alter the therm odynam ic properties o f  the system.
Both neutron and X -rays reflectivity are sensitive to narrow  interfaces. 
How ever, the investigation o f  very  broad interfaces becom es difficult w ith these 
techniques, due to lim itations im posed by  the experim ental set-up [3]. h i this 
case, high energetic ion beam  scattering techniques, including forw ard recoil 
spectrometry, nuclear reaction analysis and Rutherford back scattering 
spectrom etry, are m ore appropriate [5-6].
E llipsom etry is another reflection m ethod that has been em ployed to 
investigate interfaces in polym er system s [17-18]. Here a depth profile is 
obtained by m easuring the change o f  polarisation o f  a beam  o f  light reflected by 
the sample [19-20]. This technique requires a significant difference in the 
refractive indexes o f  the two m edia, thus it is not particularly well suited to study 
polym er/polym er interfaces. Nevertheless it can be used to determ ine w ith high 
accuracy the thickness o f  thin polym er films, and thus to reduce the num ber o f  
variables in the fitting o f  neutron and x-ray reflectivity profiles.
In the following sections the basic principles o f  neutron reflectivity, the 
m ain technique used in the experim ental work, w ill be elucidated. In sections 2.3 
and 2.4 ellipsom etry and atom ic force m icroscopy, employed as com plem entary 
techniques to neutron reflectivity m easurem ents, w ill also be briefly  discussed. 
Finally, in sections 2.5 and 2.6, the m aterials used to investigate 
polym er/polym er interfaces, along w ith the procedure follow ed to prepare the 
samples, are described.
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2 . 2  N e u t r o n  r e f l e c t i v i t y
N eutron reflection has been know n since 1946, w hen Fermi and Zinn 
observed the total reflection o f  therm al neutrons for pure m aterials below  the 
critical angle [21]. For a long tim e it was used as a technique to m easure the 
scattering lengths o f  nuclei [2 2 ], and to investigate the reflection o f  surfaces in 
relation to practical applications like neutron guides and storage o f  cold neutrons
[23]. Only over the past tw enty years it has emerged as a pow erful technique to 
study gradients in  com position across interfaces. One o f  the pioneering 
experiments on polym er system s w as in 1987, w hen Stamm et al. [24] studied a 
thin film  o f  deuterated polystyrene on substrates, showing that reflectivity 
m easurem ents are very sensitive to the surface roughness. Successively neutron 
reflectivity has been applied to a num ber o f  problem s in polym er science, such as 
studies o f  im m iscible polym er interfaces [25-27], surface segregation [28], 
polym er absorption from  solutions [29], phase behaviour o f  diblock copolym ers
[30] and dewetting studies [10-11], where the technique had a key  role in the 
understanding o f  the physics o f  interfaces.
2 . 2 . 1  B a s i c  p r i n c i p l e s
W hen radiation is incident onto a boundary betw een two hom ogeneous 
m edia w ith  different refractive index, part o f  it w ill be reflected and part 
refracted [31]. The ratio o f  the refractive indexes o f  the two m edia, no and «/, w ill 
determ ine the angle 6\ at w hich the radiation is refracted for a given angle o f  
incidence, <%, following the Snell law (Figure 2.1):
n 0 _  c o s 0 i  p. i )
fix COS0o
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Figure 2.1: D iagram  showing the geom etry o f  reflection: the radiation is 
reflected at an angle 0o equal to the angle o f  incidence and refracted at an 
angle 9i that depends on the refractive indices o f  the two m edia no and n\.
W hen the condition no < n\ is satisfied, there is always an angle o f  
refraction for any angle o f  incidence. H ow ever i f  n\ is lower than no, there will be 
values o f  0o lower than a critical angle 9C at which total external reflection 
occurs. I f  the first m edium  is vacuum  (or air), no is equal to 1 and the critical 
angle is defined by  the relation:
cos<9c =/?j  (2 .2 )
The refractive index o f  a substance can com m only be w ritten in the form
[3]:
n = 1 -  A2 5 + iA(3 /rs
(2.3)
where X is the wavelength o f  the radiation, (3 arises from the absorption in the 
m edium  and 5 for neutrons is given by  :
m  &  (2t4)
"  2 K A .'
In equation (2.4) N A is the Avogadro num ber, while pi , A; and bj are 
respectively the density, the atom ic weight, and the neutron scattering length o f  
the com ponent i o f  the substance. For a neutron beam  the absorption coefficient
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is significant only for m aterials containing isotopes o f  Li, B, Cd, Sm  and Gd, 
thus it can be neglected in m ost polym er system s [32]. The critical angle in air or 
vacuum  is then given, w ithin a good approxim ation, by:
0C = j2 8 t f  (2.5)
The value o f  b is very im portant since it determines the contrast betw een 
the two media. The intensity o f  the neutron beam  reflected by  a substance 
depends in fact on the quantity 2tc5n > know n as the scattering length density, pN . 
This quantity varies w idely across the periodic table [32], and in the case o f
hydrogen and deuterium  it differs significantly. This represents an advantage
because it allows the investigation o f  interfaces betw een polym ers sim ply by 
deuterating one o f  them . A s an example, the scattering length density o f  
hydrogenated polystyrene is 1.39E-6 A '2, w hile it becom es 6.49E-6 A "2 i f  the 
polym er is deuterated [ 1 ],
In the case o f  a substrate in air or vacuum, the com ponent o f  the incident 
beam ’s w ave-vector in the direction norm al to the surface lcZjo is given by:
K ,  = ~ ^ s in ^° 2^ ’6)
W hen the neutron beam  is reflected by  the substrate w ith a scattering length 
density pn the w ave-vector kZ)0 w ill be m odified such that [3]:
A . = f o - 4  n p ff(2.7)
From  equation (2.7) it follows that for values o f  k2Z)0 below  the critical value
g #
k  Cjo =47tpN , total reflection occurs.
The Fresnel reflection coefficient ro,i at the interface betw een the air and 
the substrate is then defined as:
The product o f  the reflection coefficient and its complex conjugate gives the 
reflectivity R F (kZ)o) as a function o f  the incident wave-vector k Z)o norm al to the 
surface:
o) T0), r 0(i
1 - i _  4  * P N/
Y k , _
Yi
1 + 1 _  ^ P n /
Z k 2/  z>0_
Yi
(2.9)
A t sufficiently high values o f  k z>o , for k 2Z;0 > 47ipN , equation (2.9) can be 
w ritten as:
R F( k , ) £ - ^ -  (2.10)
K
where the notation kz instead o f  lcZio is used for simplicity.
Equation (2.10) im plies that for a sharp interface the product kz4R F for higher kz 
w ill tend to a constant value, determ ined by  the scattering length density o f  the 
m aterial pN. An exam ple o f  sim ulated reflectivity from a sm ooth silicon substrate 
in  air is shown in Figure 2.2: in this case the reflectivity is plotted as a function 
o f  the m om entum  transfer qz, defined as tw ice the w ave-vector lcz.. Since the 
refractive index o f  the silicon is lower than 1 , for values o f  the angle o f  incidence 
sm aller than the critical angle 0C there is total reflection o f  the beam. The value 
o f  the critical m om entum  transfer qc can be calculated from the scattering length 
density o f  the silicon substrate, pN^.OVE-d A  ~2 , and occurs at 0 .0 1  A  A
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q z ( A '1)
Figure 2.2: Reflectivity profile from a smooth silicon substrate w ith 
scattering length density pN=2.07E-6 A  ~2 as a function o f  the m om ent 
transfer qz. Total reflection can be observed for values o f  the critical 
m om entum  transfer qc lower than the 0 .0 1  A  _1. In the inset the reflectivity 
m ultiplied by qz 4 is plotted as a function o f  qz. As qz becom es larger than 
qc the product qz 4 Rp assum es a constant value.
In the inset o f  Figure 2.2 the reflectivity, m ultiplied by  qz4, is plotted as a 
function o f  the m om entum  transfer qz for the same system: for values o f  qz 
sufficiently higher than qc, the product qz4RF becomes constant, assum ing the 
value 7c2pN2 .
2 . 2 . 2  B i l a y e r s  a n d  m u l t i l a y e r s
W hen a layer exists betw een the substrate and the air, the neutron beam  
will undergo reflection and refraction at both the interfaces, as shown 
schem atically in Figure 2.3.
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Figure 2.3: Reflection and refraction from a layer on a substrate with 
different refractive index.
In this geom etry the reflection coefficient takes the form [31]:
rM + ru e x p ( 2 i f tu rf) 
1 +  ra li\ , e x p (2 ik rj l )
(2.11)
where 1%- is the Fresnel reflection coefficient calculated at the interface betw een 
m edium  i and m edium  j, d is the thickness o f  the layer, and kZ)i is the z 
com ponent o f  the w ave-vector w ithin the layer.
The reflectivity w ill then be given by  the expression:
* , ( * ) =
r 0,i +  ri,2e x p ( 2 / / ? )
1  +  r0 lr l 2 e (2.12)
where [3 , the phase shift, is defined as:
(2.13)
The presence o f  a thin layer w ill create interference betw een the beam  reflected 
at the two interfaces leading to a series o f  m axim a and m inim a in  the reflectivity 
profile. The distance betw een the m axim a or m inim a is related to the thickness o f  
the layer by the expression:
a i  nA k  = (2.14)
As in  the case o f  the reflection from  a substrate, one can derive from  equations 
(2.11) and (2.12) that the m ean value o f  k z4RF for higher values o f  kz becomes
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constant. It w ill be proportional to the squares o f  the differences betw een the 
scattering length densities at the two interfaces [3]:
lcz R F(&) = /?N , +  (/?N 2 —/?N j)  ( 2 .1 5 )
Figure 2.4 shows a sim ulation o f  a reflectivity profile for a sm ooth thin 
layer o f  300 w ith scattering length density p n ,i= 6 .0 E - 6  A  '2 on a silicon 
substrate (pN)2=2.07E-6 A  '2),as a function o f  the m om entum  transfer qz. As can 
be observed, the interference fringes due to the presence o f  the thin layer are 
clearly visible. The value o f  the critical m om entum  transfer qc, defined by  the 
highest scattering length density in the system, is in this case 0.017A "1. However, 
due to the small thickness o f  the layer, the critical edge is not sharp as in the case 
o f  a sim ple substrate in air.
q z ( A '1)
Figure 2.4: Sim ulated reflectivity profile for a 300 A  film  o f  scattering 
length density pN= 6 .0E -6  A  ‘2 on a sharp silicon substrate w ith pN=2.07E- 
6 A"2 .The distance betw een the m axim a and m inim a is related to the 
thickness o f  the layer, as discussed in  the text. In the inset the product 
qz4Rp is plotted as a function o f  qz. For values o f  qz higher than qc the 
m ean value o f  the oscillations due to the presence o f  the thin layer 
becom es constant.
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The product qz4R-F is plotted in the inset o f  Figure 2.4. The m ean value o f  the 
oscillations due to the presence o f  the thin layer, for qZ; > qc , is m ainly defined 
by the square o f  the scattering length density o f  the layer, since there is a higher 
contrast at the interface betw een the air and the layer.
The same approach can be extended to describe m ore com plicated 
system s, such as m ultilayers. In this case the beam  will be reflected and refracted 
at each interface, and for n  layers the reflection coefficient betw een the n th and 
the (n -l) th layer is given by [31]:
+  U , , ,  e x p (2 i /c  r f j
= 7 - ---------------------------- TT  (2.16)
1 +  r f , e x p ( 2 / / c : ; r f j
where ry  is the Fresnel reflection coefficient, as defined in equation (2.8), 
calculated at the interface betw een the layers i and j, dn is the thickness o f  the n th 
layer, and kz,n is the z com ponent o f  the wave-vector w ithin the n th layer. The 
reflectivity o f  the m ultilayer can therefore be calculated w ith equation (2.9), 
using equation (2.16) recursively to obtain the reflection coefficient betw een the 
air and the first layer ro,i. For system s w ith  a small num ber o f  layers, R f can be 
easily obtained, w hile w hen 11 is large the reflectivity can assum e a com plicated 
form and com putational m ethods have been developed to solve exactly these 
problem s [33].
A  sim ilar approach to the one used for m ultilayers can be applied to m ore 
com plicated system s w ith gradients in  the concentration profile in  the direction 
norm al to the surface. These m ay include polym er systems, w here the interfacial 
profile betw een two different phases changes smoothly. In this case the profile 
can be approxim ated by a num ber o f  discrete layers w ith continuously changing 
scattering length density and arbitrary thickness. Num erical m ethods can then be 
used to calculate the reflection o f  the system.
As an example, Figure 2.5 shows the com position profile o f  a system  
w ith scattering length density that decays exponentially w ith the distance from 
the surface. The schem atic diagram  describes how  the profile can be considered 
as the sum o f  thin layers o f  thickness d, and scattering length density pNi. The
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width o f  each layer is small enough to approxim ate the profile, but the values o f  
dj do not have to be equal. The m ultilayers m ethod can then be adopted to 
calculate the reflectivity.
D e p t h  ( A )
Figure 2.5: Schematic diagram  o f  an exponentially decaying com position 
profile represented as a sum  o f  layers w ith discrete thickness dj and 
scattering length density pN j.
2 . 2 . 3  R o u g h n e s s
The aim  o f  a neutron reflection experiment is to obtain a reflectivity 
profile perpendicular to the surface as a function o f  the w ave-vector lcz in order to 
have inform ation about the gradients in com position at surfaces and interfaces. 
Equations (2.9) and (2.12), derived in the previous sections, are only valid in  the 
case o f  sharp interfaces. In real system s there is a gradient in the com position at 
the boundary betw een two m edia and the interface presents roughness. Two 
different approaches can be used to evaluate the roughness. As seen in the 
previous section, a diffuse interface m ay be w ell approxim ated by  a m ultilayer 
model, where the thickness d{ and the scattering length density pNi o f  each layer 
can be opportunely chosen to describe the interfacial profile. Thus different 
com position profiles can be obtained w ithout using a particular analytical
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function to describe the interface. How ever, i f  the deviation o f  the interface from 
a flat surface can be described by  Gaussian statistics, the interfacial profile can 
be represented by  the convolution o f  a  sharp interface by  a Gaussian sm oothing 
function defined as [3]:
where a  represents the roughness o f  the interface and z is the spatial coordinate 
that defines the distance from  the interface.
The presence o f  a diffuse interface causes the reflectivity to fall o ff m ore
where Rp(kz) is the reflectivity in the absence o f  com position gradients at the 
interface.
In system s com posed o f  different polym er layers, each interface could 
present Gaussian roughness. I f  n  layers are considered, the Fresnel reflection 
coefficient betw een the n th and the (n -l) th layers defined in equation (2 .8) w ill 
be m odified such that
and a m ore com plicated expression for the reflectivity can be derived [3] using 
equations (2.16) and (2.9), as described in the previous section.
From  a m easured reflectivity profile it is thus possible to obtain 
inform ation about the roughness present at surfaces and interfaces. Figure 2.6 
displays the effect o f  a rough interface on the sim ulated reflectivity for a thin 
layer o f  130 A  w ith scattering length density 6 .2 E -6  A  "2 on a sm ooth silicon 
substrate, w ith pN=2.07E-6 A  ~2. The am plitude o f  the fringes related to the film 
thickness decreases w hen the roughness betw een the air and the layer is 
increased from 0 to 20  A.
(2.17)
rapidly than kz'4, hence, in  the case o f  an interface betw een two sem i-infinite 
m edia, equation (2.9) can be replaced by  [3]:
R r ( K  )  =  R r  ( * ,  ) e x p ( - 4 / c zV ) (2.18)
(2.19)
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qz(A1)
Figure 2.6: Calculated reflectivity profiles for a 130 A film of scattering 
length density pN=6.2E-6 A '2 on a silicon substrate (pn=2.07E-6 A '2). 
When the roughness at the interface between the air and the layer is 
increased from 0 to 20 A, the amplitude of the fringes due to the thin film 
decreases.
z(A)
Figure 2.7: Scattering length density profiles for the interface between air 
(negative values of z) and a 130 A film of scattering length density 
Pn=6.2E-6 A 2 when the roughness at the interface is increased from 0 to 
20 A. The smooth profile has been evaluated using the error function 
defined in Equation (2.20).
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The corresponding interfacial profiles betw een the air and the thin layer 
for the two extrem e cases are show n in Figure 2.7. They have been evaluated 
w ith the following form ula [34], derived using equation (2.17) to introduce 
G aussian roughness at each interface:
P ( z )  =  s_ v A - i+l
M 2
f  f
1 +  e r f  ~rr 
\ N 2 cj.Y
(2.20)
w here p i , <7, and Zi are respectively the scattering length density , the roughness 
and the distance from  the surface for layer i. In absence o f  roughness the 
scattering length density profile is represented by  a step and the interface is 
sharp, w hile i f  roughness is considered betw een the air and the layer, the 
scattering length density increases sm oothly and the interfacial region is 
characterised by  a well-defined width.
The form o f  the interfacial profile generated by  the error function (erf), as 
defined in equation (2 .2 0 ), is sim ilar to the hyperbolic tangent profile predicted 
by  the Self-Consistent field theory, as show n in Figure 2.8, and presents sim ilar 
density gradient at the interface. The roughness evaluated considering this profile 
is related to the interfacial w idth w, predicted by  a hyperbolic tangent profile 
(equation (1.15)), by  the following relation [26]:
w = J ~ ( j  (2.21)
As shown in Figure 2.6, reflectivity m easurem ents are very sensitive to 
small values o f  roughness, and narrow  interfacial widths can be determ ined with 
a resolution o f  a few angstroms. H ow ever there is an upper lim it on the values o f  
roughness that can be accurately m easured: for very broad interfaces the 
reflectivity w ill decay very  fast and the precision w ith w hich the w idth can be 
determ ined will depend on the angular resolution o f  the instrum ent [3].
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z  (A )
Figure 2.8: Scattering length density profiles for the interface between the 
air and a 130 A film o f  scattering length density pN 6 .2 E -6  A '2 w ith a 
total interfacial w idth o f  50 A. The profile calculated using the error 
function o f  equation (2 .2 0 ) (red line) is a good approxim ation for the 
hyperbolic tangent profile predicted by the Self-Consistent field theory 
(blue line).
2 . 2 . 4  D a t a  a n a l y s i s
In order to reconstruct scattering length density profiles from the data 
obtained in a reflectivity experiment, the m easured reflection profiles need to be 
inverted analytically. Due to the lack o f  information related to the phase, this is 
feasible only for very sim ple systems, like hom ogeneous and sm ooth layers [35]. 
However, even in this case, the scattering length density profile extracted is not 
unique, and additional inform ation on the system  studied is required.
To analyse reflectivity data obtained for m ultilayer system s a fitting 
m odel needs to be considered. A profile for the scattering length density is 
assumed, and the relative reflectivity obtained is compared to the experimental 
data. The values o f  the param eters in the model, that m inim ise the deviations 
between the calculated and m easured reflectivity, are then determ ined with a 
least-squared fit. The use o f  a m odel would require a previous knowledge o f
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some physical properties o f  the system  studied (for example the thickness o f  the 
layers), and the use o f  different techniques m ay be necessary to obtain 
com plem entary inform ation on the sample.
In the w ork o f  this thesis the m easured neutron reflectivity profiles have 
been fitted using the program m e Parrat32 [33]. This program m e calculates the 
reflectivity from  m ultilayer m odels, w here roughness can be introduced at each 
interface. The fitting param eters in the m odels are then determ ined by  using a 
N ew ton m ethod to find m inim a in param etric functions. In the analysis o f  the 
data both the hyperbolic tangent function and the error function are used to 
represent the interfacial profile betw een each layer. A  finite angular resolution, 
characteristic o f  the experim ental set-up, and a background are also introduced in 
the calculation.
2 . 2 . 5  I n s t r u m e n t s
There are two m ain w ays to produce beam s o f  neutrons: spallation and 
fission [23,36]. W hen a fast charged particle, such as a high-energy proton, 
bom bards a heavy atom ic nucleus, some neutrons are "spalled" or knocked out. 
This reaction is the basic principle o f  a spallation source. In these neutron 
sources protons o f  high energy, accelerated into a synchrotron, are extracted in 
pulses to strike the target. The neutrons produced by the spallation process w ill 
be slowed down w ith  the use o f  m oderators and guided through beam  lines to 
different instruments. In a spallation source the typical flux o f  neutrons produced 
can vary in a w ide range depending on the energy o f  the protons. Typical values 
are in the range betw een 1-100T014 neutrons / cm 2s.
On the other hand neutron reactors are based on nuclear fission reactions. 
W hen a slow  neutron is captured by  a m assive fissile isotope, like for example a 
U  nucleus, the isotope w ill becom e unstable and w ill break apart. From  the 
fission reaction several neutrons can be produced with energies o f  few M eV. A  
m oderator, often H 2O or D 2O, is then used to lower the energies o f  the neutrons 
to therm al energies, and to initiate another fission. Reactors used for research 
purposes can generate continuous neutron beam s with pow er in the range o f  1 -
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60M W  and the neutron flux outside the core can be as high as 1015 neutrons / 
cm 2s, as for example in the case o f  the reactor at the Institute Laue-Langevin 
(ILL) in France. H ow ever the flux is substantially reduced w hen the beam  
reaches the sample. The value o f  flux on the sample position for the 
reflectom eter D 17 at ILL is typically o f  the order o f  1010 neutrons / cm 2s.
Depending on the neutron beam  available, different types o f  
reflectom eters have been built. W hen there is a broad band o f  energies tim e-of- 
flight (TOF) reflectom eters are used. These instrum ents m easure the reflection o f  
a beam  that has a distribution o f  w avelengths for a fixed angle, using the 
difference in the tim e that the radiation takes to travel from  a source to a detector 
to determ ine its wavelength. The m ain advantage o f  these reflectom eters is that 
data from  a large range o f  lcz can be collected without m oving the sample and the 
detector. In m ost nuclear reactors instead, fixed wavelength instrum ents have 
been developed. In this case the reflectivity is m easured by  changing the angle 
betw een the incident beam  and the sam ple at a defined wavelength.
In the next sections a b rie f description o f  the reflectom eters used in  the 
experim ental w ork o f  this thesis w ill be given.
2 . 2 . 5 . 1  C R I S P  a n d  S U R F
CRISP and SURF at the Rutherford A ppleton Laboratory (RAL) in the 
U K  are examples o f  TO F reflectom eters [37]. In these instrum ents the neutron 
beam  is generated by  a pulsed spallation source, where a high-energy proton 
beam  hits a target m ade o f  the heavy m etal tantalum. The neutrons produced in 
this process have very high energies and velocities and are slow ed down by  
repeated collisions in hydrogenous m oderators, the tem perature o f  w hich w ill 
determ ine the energy distribution.
For CRISP a 20IC hydrogen m oderator is used. The neutron wavelengths 
obtained at the source frequency o f  50 Hz are betw een 0.5 A  and 6.5 A, and can 
reach up to a 'm axim um  o f  13 A  at 25 H z For the reflectom eter SURF, instead, 
neutrons are slowed down by  a 25k hydrogen moderator. Thus the neutron 
wavelengths at 50 H z are in  the range 0.55 A  - 6 .8  A, while the m axim um
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w avelength at 25 Hz is again 13 A. The m inim um  and m axim um  m om entum  
transfer q depend on the incident angle: typical values used for these 
reflectom eters extend from 0.005 A '1 to 1 .1  A '1.
Figure 2.9 illustrates schem atically the reflectom eter CRISP. In this 
instrument, before reaching the experim ental area, the m oderated neutrons pass 
through a double set o f  choppers that select the wavelength band. A system  o f  
m irrors is also used to suppress w avelengths greater than 6.5 A  at 50 Hz, which 
can cause overlap betw een the fast neutrons o f  a pulse and the slow neutrons o f  
the pulse before. The neutron beam  is coarsely collim ated w ith jaw s. A fine 
collim ation is then achieved with two cadm ium  slits (SI and S2 in the Figure), 
which define the beam  size and the angular resolution. Just before reaching the 
sample the beam  is m onitored with a scintillation detector. After the reflection a 
second set o f  slits (S3 and S4) cut the background noise. The reflected radiation 
is m easured with a 3He single detector or a position sensitive detector.
Figure 2.9: Schematic diagram  o f  the TOF reflectom eter CRISP at the 
Rutherford Appleton Laboratory. The slits SI and S2 (right) collim ate the 
incident beam  defining the resolution o f  the m easurem ent, while S3 and S4 
rem ove the noise due to the background after the reflection (left) (courtesy 
o f  Rutherford Appleton laboratory).
2 . 2 . 5 . 2  D 1 7
The reflectom eter D17B at the Institute Laue-Langevin (ILL) in France 
represents an exam ple o f  dual m ode instrument, and has been designed to be 
used both as TOF and in the m onochrom atic m ode [38]. The neutron beam  that
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reaches this instrum ent is produced by  the ILL 58 M W  nuclear reactor and then 
is slowed down by deuterium  m oderators. The m irror-coated neutron guide 
provides then a beam  flux at the sam ple position o f  9 .6T 0 10 neutrons / cm2s.
The tim e-of-flight m ode is realised by a system  o f  two choppers that 
rotate w ith variable phase and separation. In this w ay the continuous and alm ost 
m onochrom atic beam  produced by  the reactor is converted to pulses o f  neutrons 
w ith a broad band o f  energies. The neutron wavelengths are in the range betw een 
2  A  and 18 A, w hile the m om entum  transfer q can go from  0.005 A '1 to 3 A"1. 
The aperture o f  the choppers and o f  the slits placed before the sam ple w ill define 
the beam  size and the resolution, allowing flexibility in the m easurem ent.
The m onochrom atic m ode instead runs at a fixed w avelength o f  5 A. A  
Ni/Ti m ultilayer m onochrom ator, followed by  a m irror device, is used in this 
case to rem ove long-w avelength neutrons and produce a m onochrom atic beam.
A fter the reflection a w ide-angle m ultidetector, placed in an evacuated 
tube, allows the sim ultaneous m easurem ent o f  reflectivity, background and o ff  
specular scattering.
2 . 2 . 5 . 3  V 6
V 6 at the H ein-M eitner Institute in  Berlin, Germany, is an exam ple o f  a 
fixed wavelength reflectom eter [39]. This instrum ent is supplied w ith cold 
neutrons by  the reactor BERII that operates at 10 M W . Graphite crystals act as 
m onochrom ators and the used w avelength can be varied betw een 4.8 A  and 5.5 
A, depending on the scattering angle o f  the m onochrom ators. Before reaching the 
sample the beam  is collim ated by two sets o f  cadmium  slits that define the 
resolution, usually betw een 5% and 10%. For solid samples the angle o f  
incidence is varied by  a precise tilting o f  the sample surface w hile the direction 
o f  the collim ated neutron beam  is fixed. The detector is an array o f  3He gas- 
detectors w ith high efficiency for a  neutron wavelength o f  4.8 A.
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2 . 2 . 5 . 4  A M O R
The reflectom eter A M O R  at the Paul Scherrer Institute in  Sw itzerland 
can be used both in the m onochrom atic and in the tim e o f  flight m ode [40]. The 
neutron source that provides this instrum ent is the Swiss Spallation Neutron 
Source (SINQ). This is a continuous source, where the target is m ade o f  an array 
o f  lead rods in steel tubes cooled by a flux o f  water. A  m oderator o f  liquid 
deuterium  at 25 K  slows dow n neutrons to shift their spectrum  to lower energies 
and a flux o f  about 1014 neutrons/(cm 2s) is obtained. Like D17, to be used in 
TOF m ode this reflectom eter is equipped w ith two chopper discs, each w ith two 
opposite openings o f  13 degrees, w hich can .be rotated with variable speed. Thus, 
the neutron beam  pulse length can be varied and the resolution o f  the instrum ent 
can be tuned to desired values in the range betw een 2% and 10%. The distance 
betw een the choppers and the 3He single detectors can also be changed in order 
to give an optim al sample illumination. The incident angle can be adjusted in two 
different ways: by  tilting a deflection m irror that m odifies the beam  direction or 
by  m oving the sample.
2 . 3  E H i p s o m e t r y
Ellipsom etry represents another exam ple o f  a technique that involves the 
reflection o f  a wave by an interface betw een two different media. W hile neutron 
reflectivity determines the ratio betw een the intensities o f  the incident and 
reflected beam, this technique m easures the change in both the am plitude and 
phase o f  a beam  o f  polarised light after the reflection by a planar surface [19-20]. 
The difference in the polarisation can then be related to quantities that affect the 
optical characteristics o f  the sample, including composition, m orphology and 
thickness.
A lthough this technique is not very sensitive to the structure o f  interfaces 
at m olecular level, it is a pow erful instrum ent for the analysis o f  thin polym er 
films, h i fact, due to the sensitivity derived from  the determ ination o f  a relative 
phase change, ellipsom etry can probe the thickness o f  a thin layer in  a range that
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goes from  tens o f  angstrom s up to nearly  a m icron, w ith a resolution o f  less than 
a nanometer.
2 . 3 . 1  B a s i c  p r i n c i p l e s
W hen a beam  o f  linear or circular polarised light is reflected by  a surface, it 
changes its amplitude and phase and becom es elliptically polarised. The initial 
polarisation state o f  the light can be characterised by the am plitude ratio Ap/A s 
and the phase difference fp-fs , where the indices s and p represent, respectively, 
the plane parallel to the surface o f  the sample and the plane perpendicular to it 
defined by  the incident and reflected beam . The geom etry is shown schem atically 
in  Figure 2.10. The angle o f  incidence <j> in this case is defined as the angle 
betw een the direction o f  the beam  and the direction perpendicular to the plane o f  
the sample.
1. linearly polarized iig h t...
Figure 2.10: Geom etry o f  an ellipsom etry experiment. The beam  o f  
linearly polarised light, incident on the sample at an angle (|>, 
becom es elliptically polarised after the reflection by the sample 
(from  [41]).
Ellipsom etry m easures the ellipticity s, defined as the difference in the 
ratio betw een the Fresnel reflection coefficients, as defined in equation (2.8), on 
the planes p and s:
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S  = —  (2.22)
'o,is
The experim ental results are then expressed in terms o f  the angles i|/ and 
A, know n as the ellipsom etric angles:
8  =  =  ta n (^ )^ /A (2.23)
Vf 0,l.
These angles represent the difference in  am plitude and the phase shift betw een 
the incident and reflected beam  and are given by  :
(2.24)
and
a = ( / ; - / / ) - ( / ; - / / )  (2 .2 5 )
Through the Fresnel coefficients, it is apparent that 9  and A depend on 
both the angle o f  incidence and the refractive indexes o f  the m aterials, w hich 
vary w ith the wavelength. Thus m easurem ents as a function o f  the w avelength 
can provide the values o f  the refractive indices for different X.
In the case o f  an interface betw een two sem i-infinite m edia, the 
m axim um  sensitivity in the m easurem ent can be obtained for a particular angle 
o f  incidence (|)b , know n as the Brew ster angle, where the reflection coefficient on 
the plane p reaches a m inim um  and the difference betw een ro,ip and r 0,is is 
m aximised. For two m edia o f  refractive indexes no and ni this angle is given by  
[20]:
(2 26)
W hen a thin layer is interposed betw een a substrate and a second 
m edium , the reflection changes also w ith the thickness and the optical properties
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o f  the layer. As previously observed for neutron reflectivity, the Fresnel 
reflection coefficients are m odified by an exponential term  containing the phase 
change [3 that the reflected beam  experiences across the thin layer. (3 is in this 
case given by:
d
$ = 2%n — c o s ^
p  X  (2 *27)
where n  and d are respectively the refractive index and the thickness o f  the thin 
layer, X is the w avelength and is the angle o f  incidence as defined in Figure 
2.10. B y taking m easurem ents at different values o f  X or (|), it is therefore 
possible, using equation (2.27), to determ ine the refractive index and the 
thickness o f  a thin film  on a substrate by fitting to a model. In thin films, there is 
a correlation betw een n  and d w hen m odelling the data, thus som e assumptions 
on the sample are required in  the fitting procedure [42].
2 . 3 . 2  T h e  V A S E  e l l i p s o m e t e r
Depending on the characteristics o f  the ellipsom eter used, different kinds 
o f  m easurem ent can be perform ed [41]. In a spectroscopic scan,i|/ and A are 
obtained as a function o f  the wavelength, w hile in m ulti-angle scans the angle o f  
incidence is changed. On some instrum ents it is also possible to acquire data as a 
function o f  tim e and this allows the study o f  dynamic processes, like absorption 
o f  small m olecules [43] or solvent evaporation [44].
W hatever are the specific characteristics, a typical ellipsom eter consists 
o f  four principal elements: a source, a polarizer, an analyser and a detector. The 
source and the polarizer generate the beam  o f  polarised light, while, after the 
reflection by the sample surface, the analyser and the detector m easure 
respectively the polarisation and the beam  intensity. The instrum ent used for the 
experim ental w ork is a spectroscopic ellipsom eter m odel V A SE (J.A. W oollam, 
USA) [41]. This is a rotating analyser ellipsometer, where the polarisation o f  the 
reflected light is determ ined by the rotation o f  the analyser at a fixed frequency 
o f  15 Hz. This m odel o f  ellipsom eter requires an accurate calibration o f  the
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position o f  the polarizer and analyser before every series o f  m easurem ents. This 
is achieved by  reflection from  a sm ooth and isotropic sample. D uring the 
experim ental w ork the instrum ent has been calibrated using a silicon w afer with 
a 20nm  therm al oxide layer.
The use o f  a m ercury lam p and a silicon photodiode detector allows 
spectroscopic scans over a very  w ide range o f  wavelengths, from  about 200nm  
up to 1 lOOnm. Therefore it is possible to choose the range o f  X where the sample 
studied is m ore sensitive. A lso m ore experim ental points can be used to create a 
m odel and give a m ore accurate interpretation o f  the results.
2 . 4  A t o m i c  F o r c e  M i c r o s c o p y
In the last decade the technique o f  A tom ic force m icroscopy (AFM ) has 
proven to be very useful to investigate the topography o f  a w ide variety o f  
surfaces [45], In this technique a m icroscope m easures the forces acting between 
a probe and the sample surface, such as electrostatic, m agnetic or V an der W aals 
forces. A  topographic im age or the m echanical response o f  the surface can then 
be obtained from  these data w ith a lateral resolution o f  the order o f  nanometres.
A  schem atic diagram  o f  an Atom ic Force M icroscope is shown in
Figure 2.11. The instrum ent consists o f  three m ain components: a cantilever 
w ith a very sharp tip at the end, a laser, focused onto the back o f  the cantilever, 
and a photodiode. As the tip scans the surface o f  the sample, m oving up and 
down w ith the contour o f  the surface, the variations in the position o f  the 
cantilever causes a change in  the angle o f  the light beam  reflected by  the 
cantilever. These changes are recorded by  the photodiode and analysed to obtain 
the topography or other m echanical properties o f  the surface.
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photodiode
sample
Figure 2.11: Schematic diagram  o f  an Atomic Force M icroscope
Different m odes exist to run an AFM  experiment. In contact mode, the tip 
stays continuously in m echanical contact with the surface. As the AFM scans 
across the sample, the repulsive force between the sample surface and the tip 
causes deflections in the cantilever. The instrument m easures then these 
deflections to compile a topographic image o f  the surface. This mode, due to the 
lateral forces applied to m ove the tip, can damage the sample surface, especially 
when soft samples, such as polym ers and biological m aterials, are investigated. 
In this case it is preferable to use tapping m ode AFM. In this operating m ode the 
tip oscillates and comes in contact with the surface only at the end o f  each 
oscillation cycle. The change in am plitude and the phase shift o f  the oscillation 
o f  the vibrating tip are related to the tip-surface interactions, and can be used to 
provide topographic inform ation on the sample. A third im aging m ethod is non- 
contact mode AFM. In this case the tip oscillates over the surface at a distance 
between 50 A and 150A, and an image can be obtained by detecting the 
attractive Van der W aals forces acting between the tip and the sample, which can 
m odify the amplitude, the phase or the frequency o f  the oscillations. However, 
since attractive forces are weaker than the repulsion forces present in contact 
mode, the resolution in non-contact m ode is not very high.
2 . 5  P o l y o l e f i n  s y s t e m s
Polyolefins are one o f  the m ost im portant groups o f  polymers in term s o f  
industrial production. The excellent chemical and physical properties, combined
50
w ith the low cost and the recyclability, m ake this class o f  polym ers particularly 
well suited for a variety o f  applications [46]. As flexible plastic m aterials, they 
can be used to obtain different types o f  products, from  bottle caps to furniture 
and car bum pers for exam ple . Thin film s o f  these polym ers are also w idely used: 
due to the absence o f  risk  o f  contam ination, they are ideal for food packaging 
and coating.
The general chem ical form ula for a polyolefm  is (CnH 2n)N where n 
identifies the specific olefin repeated in  the chain, and N  represents the degree o f  
polym erisation o f  the polymer. A lthough these polymers consist only o f  chains 
o f  carbons single-bonded to hydrogen atoms, they have a w ide range o f  
properties that depend on the specific m olecular architecture [47]. Thus m aterials 
w ith different characteristics can be obtained by m aking blends o f  different 
polyolefins [48]. M oreover, recent studies have shown that properties o f these 
polym ers, such as stiffness and toughness, can be easily im proved through the 
addition o f  fibres, fillers, nanoparticles and carbon nanotubes, leading to new  
interesting applications [49-51].
The experim ental w ork o f  this thesis has been focused on random  
copolym ers o f  ethylene and butene. These two polyolefins, w ith chem ical 
form ula respectively (C 2H4)N and (C4H 8)n, have the following m onom er 
structures:
Ethylene Butene
— CH2— CH2—  — CH2— CH—
CH 2— CH 3
They are obtained by  anionic polym erisation and then catalytic hydrogenation o f  
polybutadiene [52]. This polym er, w ith chem ical form ula (C4H 6)n, can have two 
different configurations, know n as 1-4 and 1-2:
Butadiene 1-4 Butadiene 1-2
— CH2— CH=CH— CH2—  — CH2— CH—
CH =CH2
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W ith the use o f  different types o f  solvents in  the polym erisation process, the 
structure o f  polybutadiene can be altered from  1-2 to 1-4. This provides the 
possibility to control the amounts o f  ethylene and butene in the hydrogenation, 
and therefore to vary the copolym er ratio o f  the final blend synthesised [52].
In order to look at polym er/polym er interfaces, bilayers o f  film s o f  these 
copolym ers have been studied. To understand their interfacial behaviour it is 
crucial to know  the conditions under w hich these blends are m iscible. W hen two 
copolym ers w ith different copolym er ratio are mixed, the unfavourable 
therm odynam ic interaction betw een different polym ers is balanced by  the 
attraction betw een identical m onom ers. In the Flory-Huggins m odel the 
interaction param eter % for binary blends o f  random  copolym ers o f  the form  
AyBi.y is given by  the copolym er equation [53]:
where A  and B are the two hom opolym ers w ith interaction param eter %a/b , and 
yi and y2 represent the ratios o f  the com ponent A  in the two copolym ers .
Previous experim ental w ork has been done on polyolefins system s and 
large discrepancies have been found betw een the results and the prediction o f  the 
Flory-Huggins m odel: contrary to equation (2.28), small angle scattering 
m easurem ents have shown differences betw een the interaction param eters % for 
binary blends A yiBi_yi / Ay2Bi_y2 and Ai_yiByi / Ai_y2B y2 [54].
Follow ing an extensive study o f  the therm odynam ics o f  blends o f  
copolym ers done by  the groups o f  Graessley and Balsara [54-59], a different 
m ethod has been developed to calculate the interaction param eter betw een any 
pair o f  random  copolym ers. This approach considers not only the hom opolym ers 
Flory-Huggins param eter, %a/b , but also the interactions betw een hom opolym er 
and copolym er, %a/a-b and Xb/a-b* The expression proposed is then [54]:
(2.28)
(2.29)
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where y  is the m ean copolym er ratio and the coefficients ao, ai and a2 are linear
com binations o f  the interactions param eters X a/b  , X a/a -b  and X b /a -b - The values 
o f  these coefficients have been determ ined experim entally for random  
copolym ers o f  polybutene and polyethylene at different tem peratures and are 
given in  Table 2.1 [54].
Table 2.1: Coefficients o f  equation (2.29) for blends o f  polybutene and 
polyethylene at different tem peratures (these data are taken from  [54])
T(°C) a0 ai a2
27 0.095 -0.175 0.293
51 0.077 -0.130 0.241
83 0.062 -0.114 0.220
121 0.042 -0.073 0.172
167 0.022 -0.017 0.106
By using equation (2.29) it is therefore possible to determ ine the 
interaction param eter for pairs o f  copolym ers, w hen the percentages o f  
polybutene in the blends, yj and y2, are known. This, combined w ith the ability to 
control the structure and the m olecular weights o f  the copolym ers, m akes these 
systems ideal to study fluid interfaces and critical phenomena.
2 . 6  S a m p l e  p r e p a r a t i o n
All the polym ers were synthesised by  our collaborator D r R on Young at 
the Chem istry D epartm ent o f  the U niversity o f  Sheffield.
Bilayers o f  thin polym er films o f  polyolefins have been prepared w ith the 
following procedure. The substrate was a silicon block (orientation (111)) w ith a 
5 cm  diam eter and 5 m m  thickness, covered by  a thin layer o f  silicon oxide o f  
thickness betw een 2 and 3 nanom etres. The first layer o f  polym er was spin-
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coated onto the substrate from  toluene solutions. The second layer o f  polym er 
w as spun onto a glass slide and the resulting film  was then floated onto water. 
Once the film  was on the w ater surface, the silicon substrate w ith the first layer 
on top has been carefully im m ersed in the w ater and the second layer deposited 
onto it. The bilayers w ere annealed in a vacuum  oven at different tem peratures 
above the glass transition tem perature o f  the polymers (-46°C  for polyethylene 
and -54°C  for polybutene [60]), for 5 days to allow the interface to reach an 
equilibrium  structure. Few  sam ples have also been annealed for longer tim es, up 
to 12 days, to check the equilibrium. Solutions o f  different concentrations have 
been used to vary the thickness o f  the films in the range betw een 600 A  and 
10,000 A. E llipsom etry w as used to m easure the thickness o f  each film, as well 
as the silicon oxide layer.
Polym ers w ith different copolym er ratios have been used to probe 
different conditions o f  m iscibility, from  strongly interacting system s to quasi- 
m iscible polym er pairs: the m olar percentage o f  polybutene in  the blends was 
betw een 49%  and 90%. The values o f  Flory-Huggins interaction param eter, 
calculated using equation (2.29), were betw een 9E-4 and 1.2E-2. The m olecular 
w eight has also been varied in the range from  100k to lM . h i each bilayer one o f  
the copolym ers was 50% -deuterated to obtain contrast in neutron reflectivity 
experiments. This isotopic substitution m ay affect the therm odynam ic 
interaction, as it has been observed in previous studies: the resulting % param eter 
o f  the system  w ill be decreased w hen the blend w ith the lower copolym er ratio is 
deuterated, while it w ill be higher in the other case [58-59]. H ow ever the error in 
the determ ination o f  the value o f  % for the com binations o f  copolym er ratios used 
in  the experim ental w ork was estim ated to be less then 5% [52,54,58]. The 
following nom enclature w ill be used to identify different copolym ers: the letters 
H  or D w ill stand for hydrogenated or 50% -deuterated, w hile a num ber w ill 
indicate the percentage o f  polybutene.
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C h a p te r 3
Interfaces in polyolefin systems 
approaching criticality
3 . 1  I n t r o d u c t i o n
In the last years there has been a large burgeoning o f  theoretical studies in 
the area o f  polym er/polym er interfaces [1-10], due to the critical role that the 
properties o f  these interfaces p lay  in  technology. As reviewed in Chapter 1, two 
different theoretical approaches have been developed to describe the structure o f  
the interface betw een two incom patible polymers. The Self-Consistent Field 
m ethod provides analytical expressions for the w idth o f  the interface and the 
interfacial tension for strongly im m iscible polym ers, in the lim it o f  chains with 
infinite lengths (strong segregation lim it) [1,3,7]. On the other hand, in the 
vicinity o f  the critical point, where the volum e fraction o f  the polym ers at the 
interface varies slowly, the Square Gradient theory can be used to predict 
analytically the interfacial profile (weak segregation limit) [2,4]. H ow ever the 
w ay these two approaches cross over, as criticality is approached, is not known.
Recently com puter sim ulations have also becom e a m ajor tool to study 
polym er/polym er interfaces, com plem enting analytical theories [8]. Num erical 
m ethods and M onte Carlo sim ulations have been developed to solve exactly 
systems o f  SCF differential equations [11-14], and to calculate a com position 
profile across the interface. How ever, due to the lim ited pow er o f  workstations, 
com puter sim ulations restrict their attention to polym ers w ith very short chains,
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thus questions regarding the effect o f  param eters such as the degree o f  
polym erisation cannot be directly addressed [8],
To com pare theory and sim ulations w ith  experimental results on polym er 
interfaces, the contribution o f  capillary w aves need to be considered [15-16]. 
These fluctuations o f  the local position o f  the interface broaden the apparent 
interfacial width. The m easured interface will then depend on the lateral 
resolution, and can be m odified by  external forces that affect the capillary waves, 
such as gravity or V an der W aals interactions [15].
Interfaces betw een different polym er systems have been investigated 
experim entally, including am orphous hom opolym ers [17-20], copolym ers [21- 
23], crystalline and sem i-crystalline polym ers [24-25]. The experim ental results 
have been review ed by  Stam m  and Schubert [26] and by Jones [27]. One o f  the 
m ost extensively studied blends is the strongly im m iscible polym er pair 
dPS/PM M A. N eutron reflectivity experim ents by different groups have found 
that the w idth o f  the interface betw een the two bulk  phases is 50 A  [17-19]. This 
result was independent o f  the m olecular w eight o f  the polym ers and o f  the 
tem perature at w hich the samples w ere annealed to allow the interface to reach 
equilibrium. M ore recent experim ents on the same system  enabled the 
understanding o f  the substantial effect o f  capillary waves in determ ining the 
overall structure o f  an interface [19].
M ore m iscible system s have been investigated w ith nuclear reaction 
analysis (NRA). Experim ents on the pair hPS/dPS, for example, have shown that 
the w idth o f  the interface, at tem peratures below  the critical tem perature for 
phase separation, grows w ith tim e up to a lim iting value [21]. The m easured 
interfacial w idth is in  qualitative agreem ent w ith the prediction o f  the Square 
G radient theory for quasi-m iscible systems.
Despite the num ber o f  experim ents on polym er/polym er interfaces, a 
com plete study o f  the dependence o f  the interfacial profile on the entire range o f 
conditions o f  m iscibility is m issing. One o f  the questions still open in  this field 
concerns the relative im portance o f  intrinsic interfacial width, as calculated by 
m ean field theories, and capillary waves, in  determ ining the overall structure o f 
an interface as criticality is approached. The aim  o f  the experim ental work 
described in this chapter was to address this issue, perform ing a system atic study 
o f  the interface betw een polym er phases as a function o f  the degree o f
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im m iscibility %N. Q uantitative tests o f  the theory w ill be reported, to determine 
the accuracy o f  the Self Consistent Field theory and to characterise the crossover 
from  the strong to the w eak segregation limit, where the Square gradient theory 
is valid.
3 . 2  N e u t r o n  r e f l e c t i v i t y  m e a s u r e m e n t s
To investigate the dependence o f  the interfacial w idth on the distance 
from  the critical point, pairs o f  hydrogenated and partially deuterated copolym ers 
o f  polyethylene and polybutene were studied w ith neutron reflectivity. As 
review ed in section 1.2, the w idth o f  the interface is determ ined by  a balance 
betw een the entropy o f  the system, m ainly related to the num ber o f  units in the 
two polym er chains N , and the unfavourable energetic interaction betw een 
different m onom ers described by  %. Thus there are two ways to achieve 
criticality. For polym er pairs w ith a small interaction param eter, x , the critical 
point occurs at higher m olecular weights , while m ore interacting systems reach 
criticality at lower N.
In order to understand the relative im portance o f  energetic interactions 
and entropic effects in determ ining the interfacial profile, two different sets o f 
experim ents have been perform ed. In the first set the m olecular w eight has been 
fixed, and different conditions o f  m iscibility have been probed by  changing the 
combinations o f  copolym er ratios, and thus the interaction param eter . The 
values o f  x  varied betw een 0.001 and 0.011, while the m olecular weight was 
fixed at four different values in the range 150,000-600,OOOg/mol. Table 3.1 and 
Table 3.2 list the polym er pairs studied and the relative degree o f  im m iscibility 
XN, where the values o f  x  have been calculated using the relation (2.29), and N  
was given by  equation (1.9). In other series o f  samples, criticality was 
approached by  varying the m olecular weight o f  the polym ers betw een 
100,OOOg/mol and 900,OOOg/mol for fixed values o f  the interaction param eter in 
the range 0.0009-0.0023. The specifications o f  the systems investigated are 
reported in Table 3.3.
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Table 3.1: Copolymer pairs studied with varying interaction parameter % and
degree o f polymerisation N-2500.
P olym er p a ir
A nnealing  
T ( °C)
X N XN
D50/H86 83 0.0112 2750 30.80
D50/H86 83 0.0112 2352 26.34
D59/H86 83 0.0069 1891 13.09
D65/H86 83 0.0045 2629 11.75
D59/H83 83 0.0054 2012 10.86
D65/H83 83 0.0033 2828 9.22
D59/H78 83 0.0032 2122 6.75
D70/H86 83 0.0027 2262 6.20
D65/H78 83 0.0016 3014 4.82
D70/H83 83 0.0018 2420 4.38
D59/H72 83 0.0013 2032 2.66
D50/H86 27 0.0144 2352 33.86
D50/H86 27 0.0144 2629 15.06
D65/H86 27 0.0057 2256 12.92
D65/H86 27 0.0057 2750 39.60
D50/H86 121 0.0093 2750 25.63
Table 3.2: Copolym er pairs studied w ith varying interaction param eter % for 3 
fixed average values o f  the degree o f  polym erisation N: -5 0 0 0 , -7 0 0 0  and 
-10200 .
P o lym er p a ir
A nnealing
T ( °C)
X N XN
D67/H85 83 0.0033 5341 17.73
D67/H79 83 0.0014 4520 6.24
D68/H85 83 0.0028 7767 21.98
D67/H81 83 0.0021 6701 14.34
D67/H79 83 0.0014 6651 9.18
D68/H79 83 0.0011 6362 6.87
D68/H81 83 0.0018 10246 17.93
D68/H79 83 0.0011 10151 10.96
Table 3.3: Copolymer pairs studied with varying degree o f polymerisation for 5
fixed values o f  interaction parameter %.
P olym er p a ir
A nnea ling
T ( °C)
X N XN
D68/H78 83 0.0009 5365 4.78
H78/D68 83 0.0009 5365 4.78
D68/H79 83 0.0011 6362 6.87
D68/H79 83 0.0011 10151 10.96
D68/H79 83 0.0011 12239 13.22
H78/D68 83 0.0011 3292 3.61
H79/D68 83 0.0011 3667 3.96
H79/D68 83 0.0011 10151 10.96
H79/D68 83 0.0011 12239 13.22
D68/H79 83 0.0012 3757 4.40
D68/H79 83 0.0012 5326 6.23
H79/D68 83 0.0012 2429 2.84
H79/D68 83 0.0012 3757 4.40
H79/D68 83 0.0012 5326 6.23
H79/D68 83 0.0012 6088 7.12
D67/H79 83 0.0014 4520 6.24
D67/H79 83 0.0014 6651 9.18
D68/H83 83 0.0023 3081 7.21
D68/H83 83 0.0022 4932 10.90
D67/H82 83 0.0021 6701 14.34
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The samples have been annealed in  a vacuum  oven for 5 days at 
tem peratures betw een 27°C and 121°C (as stated in Tables 3.1, 3.2 and 3.3), well 
above the glass transition o f  the two polyolefins [28]. For som e sam ples longer 
annealing tim es, up to 12 days, have also been used.
In order to determ ine the interfacial profiles, neutron reflectivity 
m easurem ents have been carried out using two different reflectom eters: D17 at 
the Institut M ax V on Lau-Paul Langevin (Grenoble), and CRISP at the
R utherford A ppleton Laboratory (UK). The instrum ental resolution A b u s e d
varied betw een 3% and 5%. Bilayers o f  random  copolym ers o f  polyethylene and 
polybutene have been prepared following the procedure described in  section 2.4.
As shown in  Tables 3.1 and 3.2, for the m ajority o f  the experim ents the 
structure o f  the samples w as Silicon substrate /  deuterated copolymer /  
hydrogenous copolymer /  air (D/H). In this geometry, since the value o f  the 
scattering length density o f  the hydrogenated copolym er is close to 0, there is a 
small contrast at the top surface betw een the sample and the air, and the 
sensitivity o f  the m easurem ent to the presence o f  a diffuse interface betw een the 
two polym ers should improve. For som e samples, the deuterated film  was 
deposited on top o f  the hydrogenated film  (FI/D). Both the layers had a thickness 
betw een 2600 A  and 5000 A, in order to avoid the presence o f  confinem ent 
effects, which have been observed in thinner films [19,22].
Figure 3.1 shows exam ples o f  neutron reflectivity profiles m easured from 
bilayers D/H  w ith degree o f  polym erisation N -2 5 0 0  for three different values o f  
X, 0.0112, 0.0033 and 0.0018. A ll the curves present total reflection up to 
qc~0.0125 A '1 due to the presence o f  approxim ately the sam e am ount o f  
deuterium  in the bottom  layer. However, after the critical edge, the reflectivity 
profiles fall o ff  m ore rapidly as the degree o f  im m iscibility xN  is decreased. This 
behaviour, characteristic o f  a rough interface, is m ore pronounced w hen the 
interaction param eter x  is decreased from 0.0033 to 0.0018.
In Figure 3.2 reflectivities obtained from  polym er pairs w ith x =0.0012 
and different m olecular weights are compared. In this case the deuterated layer 
was on top o f  the hydrogenated one. As observed in Figure 3.1, for system s w ith 
varying %, w hen the m iscibility  o f  the polym ers is increased, the intensity o f  the
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reflection after the critical edge becom es lower. However, the profiles measured 
for N=2392, N =3560 and N=5207, do not present strong differences.
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Figure 3.1: Reflectivity profiles for copolym er pairs with different 
interaction param eter x and degree o f  polym erisation N -2500 .
;>
o0
>+—0
O'
0.03
N X N
o 5 2 0 7 6 .1
a  3 5 6 0 4 . 2
O 2 3 9 2 2 . 8
0.06 0.09
q(A"1)
0 .12
Figure 3.2: Reflectivity profiles for copolym er pairs H79/D68 with 
different degrees o f  polym erisations and interaction param eter x~0.0012.
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To determ ine the scattering length density o f  the copolym ers, reflectivity 
profiles from single layers on silicon substrates have also been measured. 
Exam ples for the copolym ers H86 and D65 are shown in Figure 3.3. The 
reflectivity from the layer o f  hydrogenated polym er o f  thickness -3 0 0 0  A shows 
a critical edge at about qz~0.01 A '1, characteristic o f  the silicon substrate. In the 
profile for the deuterated copolym er, the critical edge is higher due to the 
presence o f  deuterium , and the fringes related to the thickness o f  the layer (about 
1600 A) are clearly visible.
qz(A 1)
Figure 3.3: Reflectivities for single layers o f  copolym ers on silicon 
substrates. The deuterated layer (em pty blue symbols) was 1600 A thick 
and the fringes related to the thickness are visible in the profile, while the 
hydrogenated layer was 3000 A (full red symbols).
3 . 3  S u r f a c e  r o u g h n e s s
The analysis o f  reflectivity data requires the use o f  a m odel, where a 
profile for the scattering length density is assumed. Com plem entary information 
on the systems studied is then needed to m inim ise the num ber o f  param eters to fit 
in the model. In order to determ ine the surface roughness, A tom ic Force 
M icroscopy has been used to study the surface o f  some o f  the samples
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investigated with neutron reflectivity. A digital scanning probe m icroscope 
m odel Veeco Dim ension 3100 w as used in tapping m ode to obtain topographic 
images. The cantilever was an O lym pus silicon nitride tip w ith a resonant 
frequency in the region o f  270-330 kHz. First surface images from single layers 
o f  hydrogenated and deuterated copolym ers, prepared using both the spin-coating 
and the floating techniques, were taken. Then the top surface o f  bilayers, 
prepared following the procedure described in section 2.4, w ith the two different 
configurations D/H and H/D, and with degrees o f  im m iscibility in the range 
between xN=3 and x N = 3 1, was investigated.
For all the samples the surface roughness determ ined varied betw een 5 A 
and 12 A, showing that the interface o f  the polym er layers with the air is alm ost 
smooth. M oreover sim ilar values were found for the roughness in the case o f  
strongly im m iscible polym er pairs and for quasi-m iscible system s, thus the 
roughness o f  the top surface o f  the system s is independent on the width o f  the 
polym er/polym er interface. As an example, topographic images o f  a 15 micron 
square section o f  the surface for the bilayers D50/H86 (x=0.0112 and xN=31) 
and D70/H83 (x=0.0018 and xN =4.4) are shown in Figure 3.4. The values 
obtained for the surface roughness o f  these two systems were respectively 7 A 
and 5 A.
Figure 3.4: AFM  topographic im ages o f  a 15pnx l5pn  section o f  the 
surface o f  the samples D50/H86 (left), with x =0-0H 2  and xN =31, and 
D70/H83 (right), w ith x=0-0018 and xN=4.4. The values found for the 
surface roughness were respectively 7 A and 5 A. In both the images the 
vertical scale is 12 A.
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3 . 4  A n a l y s i s  o f  n e u t r o n  r e f l e c t i v i t y  p r o f i l e s
The m easured neutron reflectivity profiles have been fitted to m ultilayer 
m odels using the program  Parrat32, as described in  section 2.2.4 [29]. First, the 
reflectivity curves from  single layers o f  copolym ers on silicon substrates were 
analysed. The m odel used for the fit w as Silicon/Silicon oxide/Polymer/Air. Since 
the thickness o f  both  the silicon oxide layer and the copolym er film  were 
previously m easured w ith ellipsom etry, the fit allowed the determ ination o f  the 
scattering length density a  and the surface roughness o f  the polym ers. For 
deuterated copolym ers the value o f  a  w as around 3E-6 A '2, w hile for 
hydrogenated blends it w as found to be betw een 4E-7 A '2 and -3 E -7  A '2. The 
roughness at the interface betw een the air and the polym er film s w as betw een 5 
A  and 12 A  for all the copolym ers, confirm ing the values obtained w ith AFM  
imaging.
Profiles obtained from  bilayers w ere then fitted. For the system s w ith the 
deuterated layer on the bottom  o f  the hydrogenated one (D/H), the m odel used 
was: Silicon/Silicon oxide/Deuterated Polymer/Hydrogenated Copolymer /Air. In 
this configuration, since the hydrogenated film  has a very low scattering length 
density, there is not m uch contrast betw een the air and the top surface o f  the 
sample. Thus the reflectivity  m easurem ent is not very sensitive to the value o f  
the surface roughness and it was fixed at 8 A, the average value obtained from 
AFM  experiments. The only unknow n param eter in this case w as the roughness 
at the interface betw een the copolym ers, and it w as determ ined w ith  the fit. For 
bilayers w ith the configuration H/D, both  the values o f  the interfacial and surface 
roughness were fitted. This procedure requires caution, since the effects on the 
reflectivity o f  the two rough interfaces are coupled. However, for our systems, 
they have different relative effects over different regions o f  m om entum  transfer 
q, and it was possible to distinguish betw een them  in the fit.
Figure 3.5 shows the reflectivity m easured for copolym er pair D70/H86 
w ith degree o f  im m iscibility %N=9.8. In Figure 3.6 instead the relative scattering 
length density interfacial profiles obtained from  the fit, using both the error 
function o f  equation and the hyperbolic tangent profile predicted by  the Self- 
Consistent field theory, are displayed. The value o f  the interfacial roughness
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found for this system is 62 A and the value o f  the yf o f  the fit shown in the figure 
is 0.6.
q (A ’1)
Figure 3.5: Reflectivity for the copolym er pair D70/H86 with a degree o f  
im m iscibility xN  o f  9.8: experim ental data (empty symbols) and fit (line). 
The value found for the interfacial roughness was 62 ± 7 A and the value 
o f  the x 2 o f  the fit is 0.6.
depth (A)
Figure 3.6: Neutron Scattering length density interfacial profile for the 
bilayer D70/H86 with xN =9.8 on a silicon substrate, as a function o f  the 
depth in the sample. The profile calculated using the error function o f  
equation (2.20) (blue line) is com pared with the hyperbolic tangent 
profile predicted by the Self-Consistent field theory (red line).
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The reflectivity for the system  H79/D68 is instead shown in Figure 3.7. 
The degree o f  im m iscibility o f  the system  in this case is 6.2 and the interfacial 
roughness was found to be 76 A. From  the fit a value o f  surface roughness o f  11 
A has also been obtained.
q(A'1)
Figure 3.7: Reflectivity for the copolym er pair H79/D68 w ith a degree o f  
im m iscibility x,N o f  6.2: experim ental data (em pty symbols) and fit (line). 
The value found for the interfacial roughness was 76 ± 10 A and the value 
o f  the yf o f  the fit is 0.5.
3 . 5  I n t e r f a c i a l  w i d t h  a p p r o a c h i n g  c r i t i c a l i t y :  
v a r y i n g  t h e  i n t e r a c t i o n  p a r a m e t e r
From the values o f  interfacial roughness q in t found from the fits, the total 
w idth o f  the interface 2w, as given by a hyperbolic tangent profile, has then been 
determ ined with the relation (2.21). Figure 3.8 shows the results obtained for 
polym er pairs with degree o f  polym erisation N -2500  and different interaction 
param eters as a function o f  the degree o f  im m iscibility yN. The dependence o f 
the interfacial w idth on the distance from the critical point presents two different 
behaviours: for degrees o f  im m iscibility higher than 8 the interfacial region 
increases gradually as the interaction param eter is decreased, while for xN <8 the 
dependence o f  the interfacial w idth on the degree o f  im m iscibility becom es 
stronger, and the interface starts to diverge.
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Figure 3.8: Interfacial w idth m easured as a function o f  the degree o f  
im m isicibility xN  for polym er pairs with changing interaction param eter 
X and a fixed degree o f  polym erisation N -2500
In Figure 3.9 the same values are com pared with the total w idth o f  the interface 
determ ined for polym er pairs with higher m olecular weights. As can be 
observed, for the same degree o f  im m iscibility, systems with higher N present a 
w ider interface.
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Figure 3.9: Interfacial w idth m easured as a function o f  the degree o f  
im m iscibility xN  for series o f  polym er pairs with different interaction 
param eter x and fixed values o f  degrees o f  polym erisation N
To make a m ore quantitative analysis these results have been compared 
with the predictions o f  the Self-Consistent Field (SCF) theory. Following the 
mean field approxim ation, num erical calculations can be used to determine the 
width o f  the interface as a function o f  the interaction param eter x  and o f  the 
statistical segment length o f  the polym ers a. The interfacial tension can also be 
determined if  the density o f  the polym ers is known. A more detailed account o f  
these calculations can be found in the Appendix to this chapter [12-14].
In order to com pare the experim ental results to the theoretical predictions 
the contribution o f  capillary waves needs to be taken into account. As reviewed 
in section 1.4, the experim ental interfacial profile is broadened by therm ally 
excited fluctuations, which give rise to a dependence o f  the apparent interfacial 
w idth on the lateral resolution. Hence the total interfacial width 2w can be 
written such as:
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2 w -  ( 4 w /  +  2/r g / Y * (3.1)
In equation (3.1) wi represents the intrinsic interfacial w idth, obtained w ith the 
num erical calculations o f  Self-Consistent Field theory, by  using a value o f  6 A  
for a [22], while % has been calculated w ith equation (2.29). cr3 is the capillary
wave m ean dispersion introduced in  section 1.4. In the experim ents perform ed, 
the lower cu t-off for capillary wave-vectors qmjn is introduced by  the lateral 
coherence length o f  the neutron beam , XCOhe, o f  approxim ately 20pm  [19]. The 
product 71 Wj has been used as a cu t-off for short wavelengths [30-31]. Thus the 
contribution o f  capillary w aves to the interfacial w idth is given by:
o - 2 = “ t a —  (3.2)
2 n y  nWj
where kB is the Boltzm an constant, T is the tem perature and y is the SCF 
interfacial tension, calculated considering an average volum e for the m onom er 
unit o f  75 A 3 [32]. A theoretical prediction o f  the interfacial w idth 2w has then 
been obtained, by using the value estim ated for <r2 w ith equation (3.2) in 
equation (3.1).
In Figures 3.11 and 3.12 the results have been com pared to the 
experim ental data. As displayed in for N -2500 , the Self-Consistent Field theory 
w ell describes the experim ental data at low values o f  %, for xN  < 1 3 . However, 
for degrees o f  im m iscibility higher than 13, and thus x  >  0.005, the results show 
discrepancies betw een experim ental data and theoretical calculations. The 
m easured interface is broader than the prediction. A  qualitative sim ilar behaviour 
is observed for higher degrees o f  polym erisation, as shown in Figure 3.11, where 
the divergence from the theoretical predictions at higher values o f  xN  becom e 
m ore important.
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Figure 3.10: Interfacial w idth as a function o f  the degree o f  im m isicibility 
XN for polym er pairs w ith changing interaction param eter x  and degree o f  
polym erisation N -2500 .T he experim ental data (sym bols) are compared to 
num erical calculations o f  SCF theory (solid line) (courtesy o f  F. Schmid)
XN
Figure 3.11: Interfacial w idth as a function o f  the degree o f  im m iscibility 
XN for series o f  polym er pairs with different interaction param eter x and 
fixed values o f  degrees o f  polym erisation N. The experimental data 
(symbols) are com pared to num erical calculations o f  SCF theory (solid 
line) (courtesy o f  F. Schmid)
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To understand better the effect o f  the degree o f  polym erisation N on the 
interfacial width as criticality is approached, in Figure 3.12 the data obtained for 
the interfacial w idth are plotted as a function o f  the square root o f  the interaction 
param eter x- As can be observed in the figure, at higher values o f  the interaction 
param eter x ( y[% ^  0 .04 ) the experim ental data collapse. Thus in this case the 
degree o f  polym erisation does not affect the interfacial w idth and the interface is 
only a function o f  x* This behaviour suggests also that the discrepancy observed 
between experimental data and theoretical predictions at higher degrees o f  
im m iscibility is not influenced by the m olecular weight, but depends only on the 
interaction param eter x- For less interacting systems, polym er pairs with higher 
degree o f  polym erisation show a narrow er interface, in agreem ent with the 
theoretical predictions. Thus, as criticality is approached, the length o f  the 
polym er chains becom es an im portant factor in determ ining the divergence o f  the 
interface.
X
Figure 3.12: Interfacial w idth as a function o f  the square root o f  the 
interaction param eter x for series o f  polym er pairs w ith fixed values o f  
degrees o f  polym erisation N. The experim ental data (sym bols) are 
com pared to num erical calculations o f  SCF theory (solid line) (courtesy 
o f  F. Schmid)
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3 . 6  V a l i d i t y  o f  s t r o n g  a n d  w e a k  s e g r e g a t i o n  l i m i t s
To verify the validity o f  the analytical expressions for the interfacial 
w idth and the interfacial tension in the approxim ations o f  strong and weak 
segregation, the experim ental data obtained for polym er pairs w ith N -2 5 0 0  have 
also been com pared w ith the predictions o f  the theory in these limits. As 
review ed in sections 1.3.1 and 1.3.2, the Self-Consistent Field theory, in the 
strong segregation limit, w ith  the additional correction for interfacial 
fluctuations, should describe the behaviour o f  the interfacial w idth for highly 
im m iscible polym ers, but the predictions o f  Square Gradient theory, in  the weak 
segregation limit, should be m ore accurate w hen the critical point is approached 
[2].
I f  the strong segregation values for the intrinsic w idth, wi, and the 
interfacial tension, y , defined respectively by  equations (1.18) and (1.19), are 
used to calculate the w idth  o f  the interface in equations (3.1) and (3.2), the 
m easured interfacial w idth is broader than the theoretical predictions, as shown 
in Figure 3.13. This discrepancy could be reduced if  values o f  the interfacial 
tension approxim ately 40%  lower are considered. This suggests that the 
contribution to the interface due to capillary waves is higher, as w ill be also 
observed in  Chapter 4, where studies on the effect o f  a confined geom etry on the 
interfacial w idth w ill be reported.
To estimate the theoretical predictions in the w eak segregation lim it W c r i t  
defined by  equation (1.23), has been used as the intrinsic w idth, while the 
interfacial tension has been calculated using equation (1.24). Figure 3.13 shows 
the com parison betw een the theory and the experim ental data. The Square 
Gradient theory approxim ates the experim ental data for the low est values o f  
degrees o f  im m iscibility studied, where the interfacial w idth starts to diverge. 
H ow ever to determ ine how  accurate the Square Gradient theory is close to the 
critical point and to understand the relative importance o f  concentration 
fluctuations, pairs o f  polym ers w ith  low er values o f  %N need to be studied. Such 
an experim ent requires the use o f  different techniques, since it is not possible to 
m easure very broad interfaces w ith neutron reflectivity. This type o f  
m easurem ents could be the objective o f  future work.
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Figure 3.13: Interfacial w idth as a function o f  the degree o f  im m isicibility 
XN for polym er pairs with changing interaction param eter x and degree o f  
polym erisation N -2500 . The solid line represent the theoretical 
predictions o f  the SCF theory in the strong segregation lim it (SSL), while 
the dashed line is obtained by using the Squared Gradient theory in the weak 
segregation limit (WSL). The red solid line represents instead the prediction of 
the SCF theory obtained with numerical calculations (courtesy o f F. Schmid).
3 . 7  I n t e r f a c i a l  w i d t h  a p p r o a c h i n g  c r i t i c a l i t y :  
v a r y i n g  t h e  m o l e c u l a r  w e i g h t
From the fits o f  the reflectivity profiles, m easured for polym er pairs with 
fixed interaction param eter and varying m olecular weights, the dependence o f  
the interfacial w idth on the degree o f  polym erisation N  has been determined. 
Figure 3.14 shows the width o f  the interface 2w, obtained w ith equation (2.21), 
as a function o f  the degree o f  im m iscibility for series o f  system s where x has 
been fixed at different values. As can be observed in the Figure, for xN>6, the 
interfacial w idth for fixed values o f  x stays alm ost constant as the degree o f  
polym erisation N  is varied. However, for lower values o f  xN , the dependence o f  
the w idth 2w on N  becom es stronger, and the interface starts to diverge.
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Com paring the results obtained for different values o f  x> system s with lower 
interaction param eter present a w ider interface.
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Figure 3.14: Interfacial w idth m easured as a function o f  the degree o f  
im m iscibility xN  for series o f  polym er pairs w ith different degrees o f  
polym erisation N  and fixed interaction param eters X- System s with 
structure D/H are shown with a filled symbol, while H/D bilayers are 
represented with open sym bols
Follow ing the procedure described in the previous section, these results 
have been compared with num erical calculations o f  the Self-Consistent Field 
(SCF) theory. As displayed in Figure 3.15 , the agreement betw een the m easured 
interfacial w idth and the theoretical predictions for x<0.0014 is good for degrees 
o f  im m iscibility higher than 3. H ow ever the SCFT theory fails to describe the 
w idth o f  the interface closer to the critical point, where the m ean field 
approxim ation m ay not be valid anymore. For the highest value o f  interaction 
param eter, x~0.0022, the theoretical w idths are narrower than the experim ental 
ones.
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Figure 3.15: Interfacial width as a function of the degree of immiscibility 
XN for series of polymer pairs with different degrees of polymerisation 
N and fixed interaction parameters x- The experimental data (symbols) are 
compared to numerical calculations of SCF theory (solid line) (courtesy of 
F. Schmid)
These discrepancies are more evident in Figure 3.16, where the product of 
the interfacial width and the square root of the interaction parameter has been 
plotted as a function of the inverse of the degree of immiscibility for the same 
sets of data. Since the interfacial width, for fixed values of xN, depends
principally on y  #— , as shown by equations (1.16) and (1.18), the theoretical
/
curves representing 2w j y  as a function of 1/xN collapse onto a single line. It 
should be pointed out that the contribution of capillary waves to the interfacial
width cr varies with /  l7, and not with /  r— as the intrinsic width wB
/ z /4 / < X
However the corrections due to this different dependence are very small, as 
shown by the theoretical curves calculated for different values o f X- Deviations 
between theory and experiments are observed only for x~0.0022 and at very low 
degrees of immiscibility.
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Figure 3.16: Interfacial width multiplied by -yf/ as a function of the 
inverse of the degree of immiscibility for series of polymer pairs with 
different degrees of polymerisation N and fixed interaction parameters x« 
The solid lines are obtained from numerical calculations of SCF theory 
(courtesy of F. Schmid).
3.8 S u m m ary  and conclusions
The interfacial width between two polymer phases has been studied by 
performing neutron reflectivity experiments on bilayers of copolymers of 
polyolefins. Experiments have been designed to investigate the structure of the 
interface between polymer films as a function of the degree of immiscibility xN, 
from strongly immiscible to quasi-miscible polymer pairs, close to the critical 
point. Two different ways have been used to approach criticality. In one set of 
experiments the length of the polymer chains has been fixed, and the miscibility 
has been varied by changing the energetic interaction between the polymers. In 
other systems the effect of the molecular weight on the interfacial width has been 
investigated on polymer pairs with well-defined interaction parameter.
For all the systems studied, the experimental results have shown that as 
the miscibility is increased the interfacial region becomes broader. For strongly
79
immiscible polymer pairs the width of the interface increases slowly when the 
degree of immiscibility is decreased. The interfacial width varies in this case 
only with the interaction parameter %, and it is independent on the degree of 
polymerisation N of the polymers. Closer to the critical point the dependence on 
the degree of miscibility is stronger and the way in which the interfacial width 
diverges, as criticality is approached, is determined by both the interaction 
parameter of the polymers and the molecular weight.
The results have been compared with numerical calculations of the Self- 
Consistent Field theory. The theory, with the additional contribution due to 
capillary waves, provides a good prediction of the width of the interface at 
intermediate values o f %. For less interacting polymer pairs, the SCF theory fails 
to describe the width of the interface and the measured width is broader.
The experimental values of interfacial width, measured for polymers with 
degree of polymerisation N-2500 and changing interaction parameter, have also 
been compared with the analytical solutions derived from mean field theories in 
the strong and weak segregation limits. At high degrees of immiscibility, the SCF 
theory, in the approximation of infinite relative molecular masses, 
underestimates the width o f the interfacial region. Agreement between theoretical 
predictions and experiments could be obtained if a reduction of the interfacial 
tension of -40%, and thus a higher contribution of capillary waves to the 
measured width, is considered. For degrees of immiscibility lower than 8 a 
crossover is observed to a region of miscibility where the Square Gradient 
Theory in the weak segregation limit better approximates the interfacial width 
close to criticality. However a complete characterisation of the divergence of the 
interface at very low degrees of immiscibility requires the use of a different 
experimental technique, such as ion beam analysis, and should be objective of 
future work.
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3.9 A p pen d ix
The numerical calculations of Self-Consitent Field theory for 
incompressible binary polymer blends have been done by Professor Friederilce 
Schmid at the University of Bielefeld in Germany [12-14].
In these calculations polymer chains are described by continuous curves 
R(s), where the variable s defines the position along the polymer chain and varies 
in the range between 0 and 1. For an AB blend the effect of the interaction with 
the other polymer chains is described by the inhomogeneous external potentials 
U^ and U&, defined as:
where r defines the position in the space, (pA(r)and <pB(r) are the volume 
fraction profiles, % is the Flory-Huggins interaction parameter and ft is an inverse 
compressibility. In the case o f incompressible polymer blends the limit g -»  co is 
considered.
The distribution function of a polymer chain q a (r, s) 
(where a  = A or B) is given by:
where Rg is the radius o f gyration of the polymers, N is the degree of
configurations for the polymer chain. For simplicity in the numerical calculations 
the rescaled space unit r’= r/wssu where wssl is the intrinsic interfacial width in 
the strong segregation limit, is used. In the case of a planar interface, where only 
the z ’ component is important, qa (z s) obeys to the following diffusion 
equation:
u  a (r) = z <pb M + ? ( v A r )+<Pb (r) -  0
u B (r)= x <Pa 0 )  +  d<pa <r)+ <Pb ) - 0
(A. la) 
(A. lb)
polymerisation and the integral consider all the possible
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1 dqA(z',s)
= V 2qA (z',s) -  %UA (z')qA (z',s) (A.3)
XN ds
The volume fractions (pa (z )  is then related to the distribution function by the 
following equation:
o
<Pa(z ') = f s  qa(z',s)qa ( z ' , i - s ) (A.4)
Together, equations (A .l), (A.3) and (A,4) form a system of self-consistent 
equations, which can be solved iteratively until when self-consistency is 
achieved. In the calculations the position of the interface is defined at z’=0 and 
the following boundary conditions are imposed: at large distance from the 
interface (pa assumes the bulk value (pab and (pA (z’) = cpB( - z ' ) . To solve the
self-consistent problem a mixing scheme is used. Starting in the nth step from an 
initial guessed potential Ua(n)(r’), a new potential Ua(n,new)(r’) is obtained by 
using equations (A.3) and (A.4). The n+1 guess for Ua is then determined by 
mixing Ua(n)(r’) and Ua(n,new)(r’) in the following way:
Ua(n+1,(r’) = Ua(n)(r’)(l-Xn)+ Ua(n'new)(r’> (A.5)
The mixing parameter Xn is given by: 
r  i-----
1 = min 0.1,
1
E  Jdr' ( u y ,ew) -  -  U P  + U p l)f (A .6)
After solving the SCF equations, the intrinsic width of the interface w and the 
interfacial tension y  are obtained from the volume fraction profiles with the 
following expressions:
w
rJ  d{<pA(z ) - (p B(z)') 
v d z
[dz(
J 1 dz
(A. 7)
and
r  = r ^  I J z' WPaVb + <PbJ  )1j (A.8)
where /ssiAs the interfacial tension in the strong segregation limit.
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C h a p t e r  4
F l u c t u a t i o n s  a t  i n t e r f a c e s :  l o n g - r a n g e d  
a n d  s h o r t - r a n g e d  f o r c e s  e f f e c t s
4.1 In tro d u c tio n
Polymer molecules in situations of reduced dimensionality often exhibit 
properties that deviate from those of bulk materials [1]. In thin films, with 
thickness smaller than a few times the radius of gyration of the molecule, 
differences in the structural and dynamical properties of the polymers have been 
observed both experimentally and with simulations [2-6]. These include, for 
example, changes in the glass transition temperature with decreasing film 
thickness [2-3], different chain mobility [4-5] and a higher compressibility in 
thinner films [6]. Moreover, it has been shown that effects due to confinement 
and to molecular interactions in thin film geometry are often responsible for 
novel physical phenomena [7]. To cite an example, long-ranged intermolecular 
interactions can affect the stability or instability of thin films below a certain 
thickness [8-9], leading, in some cases, to spinodal dewetting, and to the 
formation of patterned structures characterised by a well-defined length [10].
Geometric confinement has also an important effect on the interface 
between two immiscible polymers. Experiments by different groups have shown 
that the width of the interface between two thin layers depends on the thickness 
of the films [11-15]. For very thin films the spectrum of capillary waves is 
modified by the constrain due to the confined geometry, and this influences the 
contribution due to the interfacial fluctuations to the measured interfacial width. 
However, there is a controversy in the literature concerning the relative
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importance of short and long-ranged forces in modifying the structure of the 
interface.
Neutron reflectivity experiments on bilayers of PS/PMMA have shown 
that for this strongly immiscible polymer pair, when the thickness of the films is 
thinner than a hundred nanometers, the lower cut-off for the capillary 
fluctuations is not given by the neutron coherent length, but might be originated 
by the long-ranged Van der Waals interactions acting across the films. As a 
result, in thinner layers the measured interfacial width increases logarithmically 
with the thickness [13].
For broader interfaces another effect might be considered. The presence 
of short-ranged interactions, i.e. truncation forces due to the cut o f the interfacial 
profile by a wall, may introduce another cut-off on the spectrum of capillary 
waves. Thus, in this case, the measured interfacial width depends strongly on the 
size of the system and increases with the square-root of the film thickness, as 
observed by nuclear reaction analysis experiments on films o f blends of quasi- 
miscible polymers [11-12].
Computer simulations on the size dependence of the interfacial profiles 
between polymeric phases confined between walls have suggested that both these 
forces in principle should be taken into account [16-20]. These Monte Carlo 
studies have shown that the longest wavelengths of capillary waves are 
determined by a parallel correlation length that incorporates two contributions, a 
short-ranged one due to the distortion of the profile close to the wall, and a long- 
ranged one due to Van der Waals interactions. However the interplay o f short 
and long-ranged interactions at the interface is still not well understood, and the 
role of these forces in determining the width of the interface in thin films, as 
criticality is approached, remain an open question.
The aim of the experimental work described in this chapter was to 
address these issues. The mechanism by which finite size effects influence the 
interfacial width between two polymers was studied by performing neutron 
reflectivity experiments on bilayers of polyolefins. Polymers pairs with changing 
interaction parameter and molecular weight were investigated, to determine how 
the effect of confinement on interfacial fluctuations depends on the different 
conditions of miscibility.
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4.2 E x p e rim e n ta l w o rk
To investigate the effect of confinement on the interface between two 
polymer phases, neutron reflectivity experiments were performed on bilayers of 
hydrogenated and partially deuterated random copolymers o f polyethylene and 
polybutene, as described in Chapter 2. The samples had the structure Silicon 
substrate /  deuterated copolymer /  hydrogenous copolymer /  air. For each 
polymer pair, a series o f samples was prepared following the procedure described 
in paragraph 2.4: the thickness of the top layer was fixed at values between 2500 
A and 5000 A, while the thickness of the bottom film was varied in the range 700 
-  9000 A. To allow the interfacial width to reach an equilibrium state, all the 
samples were annealed in a vacuum oven for 5 days at about 83°C, as previously 
done.
Different conditions of miscibility were probed by using a wide range of 
copolymer ratios and different molecular weights. In order to understand how 
Van der Waals forces and truncation forces interplay at the interface as the 
interaction between the polymers is changed, the interfacial width was 
investigated for combinations o f copolymers with interaction parameter % 
between 0.011 and 0.002, and with degree of polymerisation N-2500. Table 4.1 
shows the polymer pairs studied and the relative degrees of immiscibility %N, 
where % has been calculated using the relation (2.29).
Table 4.1: Copolymer pairs studied with the relative degrees of 
immiscibility %N
Polymer pair X N XN
D50/H86 0.0112 2750 30.80
D59/H86 0.0069 1891 13.09
D65/H83 0.0033 2828 9.22
D59/H78 0.0032 2122 6.75
D70/H86 0.0027 2262 6.20
D65/H78 0.0016 3014 4.82
D70/H83 0.0018 2420 4.38
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To probe the effect of the confined geometry on the interface between 
polymers with longer chains, some systems with higher molecular weights were 
also studied. The specifications of the polymer pairs investigated are reported in 
Table 4.2.
Table 4.2: Copolymer pairs studied with the relative degrees of 
immiscibility %N
Polymer pair X N XN
D67/H79 0.0014 4520 6.24
D67/H85 0.0033 5341 17.73
D68/H81 0.0017 10246 17.93
D68/H85 0.0028 7767 21.98
Reflectivity profiles were measured on reflectometers at different facilities: 
on CRISP and SURF at ISIS at the Rutherford Appleton Laboratory (UIC), on 
D17 at the Institut Max Von Lau-Paul Langevin, Grenoble, on V6 at the Hein 
Meitner Institut in Berlin and on AMOR at Paul Scherrer Institut. The instrument
resolution varied between 3% and 6%. Figure 4.1 shows, as an example,
reflectivity curves obtained for polymer pairs with degree of immiscibility of 
XN=6.2, and N-2500, for two different thicknesses of the bottom layer: 785 A 
(red symbols) and 4225 A (black symbols). In the first profile the fringes 
characteristic of the thickness of the bottom layer are clearly visible. As the 
thickness of the bottom layer is increased, the fringes disappear and the 
reflectivity, at values of q bigger than qc, falls off more rapidly, indicating a 
wider interface in thicker layers. This behaviour is less pronounced in reflectivity 
profiles obtained from bilayers with degree of immiscibility xN= 13 and 
N-3900, as shown in Figure 4.2. As in Figure 4.1, the oscillations in the 
reflectivity are observed for the thinner bottom layer, while the profile measured 
for the thicker film does not present this feature. However there is not a 
significative difference in the way the two profiles drop off as the momentum 
transfer q is increased.
1
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Figure 4.1: Reflectivity profiles for bilayers D70/H86 ( xN=6.2 and 
N-2500 ) with bottom layers of different thicknesses: 785 A and 4225 A 
The top layer was about 5000 A.
q ( A 1)
Figure 4.2: Reflectivity profiles for bilayers D67/H85 (xN=13 and 
N-3900) with bottom layers of different thicknesses: for 774 A and 3500
A. The top layer was about 4000 A.
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4.3 C o nfin em en t effects on the in terface  betw een  
p o lym er pairs  w ith  d iffe re n t in terac tio n  p a ra m e te r
4.3.1 Results
The neutron reflectivity profiles measured have been analysed with the 
program Parrat32 [21]. The scattering length densities a  of the copolymers have 
been previously determined with neutron reflectivity experiments on single layers 
and then fixed, while the thickness o f the silicon oxide layer and of the copolymer 
films has been measured with ellipsometry. Since the surface roughness was kept 
fixed at about 8 A, as previously done, the fit allowed the determination of the 
interface roughness as a function of the thickness of the bottom layer. The width of 
the interface 2w is related to the interfacial roughness ctint by a constant, and can be 
determined using the relation (2.21).
The results obtained, for series of samples with different degree of 
immiscibility %N and degree of polymerisation N approximately 2500, are shown in 
Figure 4.3, where the interfacial roughness extracted from the fits is plotted as a 
function of the bottom layer thickness. As can be observed in the Figure, for all the 
different %N the roughness increases with the thickness up to a limit value, after 
which is stable. By comparing systems with different degree of immiscibility, it can 
also be observed that as the layer thickness is increased, the interface roughness 
increases much faster for weakly immiscible polymer pairs, and the value of the 
limit thickness at which the interfacial width reaches equilibrium is higher. 
Moreover, as the degree of immiscibility is decreased and the interface becomes 
broader, the dependence on the thickness of the bottom layer is stronger. This 
behaviour could already suggest that short-ranged forces are more relevant in 
determining the interfacial profile as the %N decreases.
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Figure 4.3: Interface roughness as a function of the bottom layer thickness 
for polymer pairs with degrees of immiscibility xN between 4.4 and 31 and 
N-2500
4.3.2 D a ta  analysis and discussion
To understand the relative importance of short and long-ranged forces in 
influencing the width of the interface, a more quantitative analysis is needed. As 
seen previously, the interfacial roughness crmT between immiscible polymers 
can be assumed as the sum of two different contributions:
& im = A 0 + cr f (4.1)
where Ao is related to the theoretical intrinsic interfacial width wi (as calculated 
by the Self-Consistent field theory) by the expression Ao2=2wi2/7i, and cr*2 
represents the capillary wave contribution to the interface. In the experiments 
performed on thicker layers, described in Chapter 3, the cut-off for short 
wavelengths was given by tcwi [22], while the lower cut-off for capillary wave- 
vectors qmjn is related to the lateral coherence length of the neutron beam, Xcohe,
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of the order of microns. For thinner films, as reviewed in section 1.5, external 
forces affect the spectrum of the capillary waves, introducing a different cut-off 
for long wavelengths /Wx that depends on the thickness of the films. The
where kB is the Boltzman constant, T is the temperature and y is the interfacial 
tension.
For a thin polymer layer between two semi-infinite media, the dispersion 
forces acting across the film introduce a dispersive capillary length a(usp [13] , 
defined as
where y is the interfacial tension, and d is the thin film thickness. In equation
(4.3), A is the Hamaker constant that describes the Van der Waals forces acting 
in the system. For the samples studied, since the thickness of the top layer was 
fixed at several hundreds o f nanometers, while the thickness of the bottom layer 
was varied, it represented the dispersion interaction between the top thick layer 
of polymer and the silicon substrate across the thin bottom film. For small values 
of d, ddis will provide the lower wave vector cut-off Xmax in equation (4.2), 
leading to a logarithmic dependence of the interfacial roughness on film 
thickness.
For broader interfaces another effect needs to be taken into account. The 
short-ranged interactions between the surface and the interface modify the 
interfacial profile. Interfacial fluctuations are then characterised by a large lateral 
correlation length g  [23-25], which increases exponentially with the thickness of 
the film, d, and can act as a cut-off for long wavelength capillary waves
to
capillary wave mean square dispersion cr^  can then be written as follow:
(4.2)
(4.3)
(4.4)
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where is the bulk correlation length and k'1 is the transverse decay length [25- 
26]. The capillary wave mean square dispersion cr/ can then be calculated, 
considering that the cut off Xmax of equation (4.2) is given by £ of relation (4.4). 
As a result, for very thin layers, in the absence of long-ranged forces, the 
contribution of capillary waves to the interfacial width contains a term that is 
proportional to the square root of the film thickness d.
To determine the relative importance of long and short-ranged forces, the 
experimental data have been fitted to equation (4.1), where Xmax in cr/ was 
equal to ddisp for the case of long ranged forces and equal to § for the short ranged 
forces. Fixing the neutrons lateral coherence length Xcohe to 20 pm, as previously 
done [13], for xN>9 the experimental data were in good agreement with the 
theoretical prediction of a logarithmic dependence on the film thickness 
characteristic of long-ranged forces. Figures 4.4 and 4.5 show fits obtained for 
systems with degree of immiscibility xN=31 and xN=13.
Thickness (A)
Figure 4.4: Interface roughness as a function of the bottom layer thickness 
for a polymer pair with degree of immiscibility xN= 31. The solid line is a 
fit to equation (4.1) with Xmax in equation (4.2) given by From the fit 
the values Aq= 17±3 A and y=(1.00 ±0.25) mJm’2 were obtained.
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Figure 4.5: Interface roughness as a function of the bottom layer 
thickness for a polymer pair with degree of immiscibility xN= 13. 
The solid line is a fit to equation (4.1) with Xmax. in equation (4.2) 
given by adls. From the fit the values A0=20±4 A and y=(0.82 ±0.18) 
mJm"2 were obtained.
The values of Ao and of the interfacial tensions y found from the fits are 
reported in Table 4.3. These are compared with the predictions of the Self- 
Consistent field theory in the strong segregation limit. For the more immiscible 
systems the comparisons of Ao with the theory are good, while the interfacial 
tensions obtained are lower then the predicted values. However for the polymer 
pair D65/H83 with xN=9.2 the quality of the fit becomes lower and the value of 
Ao estimated by the theory is higher than the experimental one.
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Table 4.3: Values of Ao, andy found fitting the interfacial 
roughness to a logarithmic dependence on film thickness for 
polymer pairs with degrees of immiscibility xN>9
Polymer pair xN
Ao
(A)
r
( mJm"2)
Aossl
(A)
Tssl
(mJnf2)
D50/H86 30.80 17±3 1.00+0. 25 18 1.70
D59/H86 13.09 20+4 0.82+0.18 23 1.33
D65/H83 9.22 23±6 0.70±0.15 34 0.92
The Hamalcer constant obtained from the fits was -5E-20 J. This value is 
larger than the one obtained from calculations based on the Lifshitz theory [27]. 
For the polymer pair D50/H86, by using for the deuterated and the hydrogenated 
layers respectively the values of refractive index ni=1.455 and 112=1.478, 
estimated by ellipsometry measurements, the Hamalcer constant found was -  8E- 
21 J. Similar discrepancies have been found in other systems, where the Van der 
Waals interaction between a liquid and a solid substrate through a polymer thin 
layer deduced from the experiments was higher then the expected value [28]. 
However, since in equation (4.2) the Hamalcer constant appears inside a 
logarithm, the results are not very sensitive to the exact value.
For the polymer pair with the lowest degree o f immiscibility, xN=4.1, 
equation (4.1), with Xmax in equation (4.2) given by §, better approximates the 
experimental data for bottom layers thicker than 1000 A, as shown in Figure 4.6. 
The extrapolated values for A0 and y are A0=(47±7) A and y=(0.10±0.04) mJm'2.
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Thickness (A)
Figure 4.6: Interface roughness as a function of the bottom layer 
thickness for a polymer pair with degree of immiscibility xN= 4.4. The 
solid line is a fit to equation (4.1) with Xmax. in equation (4.2) given by f  
From the fit the values A0=47±7 A and y=(0.10±0.04) mJm'2 were 
obtained
The value obtained from the fit for the bulk correlation length <^B and for 
the transverse decay length k'1 are (79±8) A and (132±10) A respectively. A 
theoretical value for f B can be estimated using the standard mean field 
approximation [29]:
6
1 ---
2 N x 2 N 2
(4.5)
7
In equation (4.5) a is the statistical segment length, Ni and N2 are the degrees of 
polymerisation of the two coexisting polymers, and (j) is the coexistence 
composition [30]. By using for  ^ a calculated value of 0.99, a =6 A and Ni = N2 
=2500, a bulk correlation length of 72 A is found, in good agreement with the 
experimental results. The value obtained for k'1 is of the same order of the 
interfacial width w of (118±16) A represents a better approximation for the k'1.
96
For bottom layers thinner than 1000 A the dependence of the interfacial
roughness on the thickness becomes stronger. A qualitative similar behaviour has 
been observed in simulation [16, 20], and could be understood as a reduction of 
the intrinsic interfacial profile due to the confinement.
For intermediate values of %N, it is not possible to fit the data assuming 
Xmax=adisp or XmaxA -  The thickness dependence, in this case, may be due to the 
effect of both short and long-ranged forces. An attempt to describe the 
experimental results was done assuming simple addittivity between the two 
different interactions, and thus using for l/Xmax the following expression:
However with this approach, previously used in Monte Carlo simulations [18], it 
was not possible to fit the experimental values obtained for the interfacial 
roughness for thinner bottom layers. This suggests that the combination of short 
and long-range forces leads to a more complicated dependence of the interfacial 
width on film thickness.
To investigate the limit of long-ranged forces in modifying the spectrum 
of capillary waves, with an approach that was independent on the parameters 
chosen for the single fits, a different analysis of the experimental data was also
For thin films, if the cut-off for long wavelengths is determined only by long- 
ranged forces, the contribution of capillary waves to the interface is given by:
1 1 1
(4.6)
4.3.3 A  d iffe re n t approach
carried out. As observed previously, the capillary wave mean dispersion <7/  for 
thicker bottom layers, can be written as
(4.7)
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The difference in capillary wave mean square dispersion between thick and thin 
layer cases, Aa2^  , is then given by the following relation:
o% - 0 % (d) = Aa2? = - ^ - ln
4^7
+ 4 ivyd1
A
(4.9)
Calculating the exponential of both left and right hand-sides, equation (4.9) can 
then he rewritten as:
f
Y
\
- A " ± -
d 4
J
(4.10)
where A ’ and A ” are two constants defined as:
A ' = U I
4 TC
(4.11)
and
A I 2
cohe
4 TV (4.12)
It should be noticed that the Hamalcer constant A in equation (4.12) might not 
have exactly the same value for the different polymer pairs investigated. 
However small changes are expected for the combinations of copolymer ratios 
used, as confirmed also by measurements of the refractive index for the different 
copolymers performed by ellipsometry [31].
In equation (4.10) the right hand-side does not depend on the degree of 
miscibility, therefore it is possible to introduce a function F(y, Aa^2) defined as
(4.13)
\ /
that for the different conditions of miscibility studied will vary only with the 
thickness of the bottom layer d\
Making use of relation (4.1), the quantity Ag2^  can be calculated directly from the 
experimental data, as the difference between the limit value reached by the 
interfacial roughness and the values o f a  int measured for different thicknesses of 
the bottom layers. Thus, by using for the interfacial tension y the values predicted 
by numerical calculations of SCF theory [32], it is possible to calculate the 
values of F(y, A a /) as a function of the thickness of the layers for the different 
conditions of miscibility.
In Figure 4.7 the function F(y, Ag/) , using for the interfacial tension y 
the values predicted by numerical calculations o f SCF theory, is plotted on a 
logarithmic scale as a function of 1 Id4. For xN higher than 6.8 the data collapse 
to the same values, as shown by the trend line, and the assumption of a 
logarithmic dependence on the thickness is verified: in this range therefore long- 
ranged forces are dominant in determining the width of the interface. For lower 
degrees of immiscibility the dependence on the thickness of the bottom layer 
becomes stronger as the miscibility is increased and the interface is broader. This 
suggests that in this case short-ranged forces are more important in determining 
the interfacial profile. The same results are obtained if different expressions for 
the interfacial tension, as the interpolation formula suggested by Tang and Freed 
[33] and the values extracted with the approximation given by Werner et al [18], 
are used to calculate F(y, Ag/).
F (r , A c r 2c ) = A " f r  
a
(4.14)
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Figure 4.7: Function F(y, Acft) defined by equation (4.9) plotted as a 
function o f (1 /bottom layer thickness4) for different degrees o f 
immiscibility xN. For values o f xN higher than 6.8 the data collapse to the 
same values, as shown by the red line (guide to the eye) and the 
assumption o f a logarithmic dependence on the thickness is verified.
4.4 C onfinem ent effects on the in terface between  
po lym er pairs w ith  longer chains
4.4.1 Results and discussion
From the reflectivity profiles measured for the polymer pairs listed in 
Table 4.2, the dependence of the interface roughness on the thickness of the 
bottom layer has been determined for systems with higher molecular weights. 
The results obtained are plotted in Figure 4.8 and 4.9. As observed for systems 
with lower molecular weights, the roughness increases with the thickness up to a 
limit value, after which it is constant. In Figure 4.8 systems with N-4900 and 
different degrees of immiscibility, xN=6.2 and xN=17.7, are compared. As 
shown in the graph, the interfacial width is much broader for the more miscible
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polymer pair, and the dependence of the interface roughness on film thickness is 
stronger.
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Figure 4.8: Interface roughness as a function of the bottom layer 
thickness for polymer pairs with N-4900 and different degree of 
immiscibility: yN= 6.2 and xN= 17.7.
For the copolymer pair with x,N=6.2, the interfacial width for thinner bottom 
layers is reduced by the effect o f confinement of approximately 30% respect to 
its equilibrium value. A different behaviour is observed for systems with 
XN=17.7, where the value of the interfacial roughness measured for thinner 
bottom layers is only -15% lower respect to the one found for thicker films.
Figure 4.9 displays the roughness as a function of the bottom layer 
thickness for systems with degrees of immiscibility xN =l7.9 and xN=22, and 
degrees of polymerisation N=10246 and N=7767 respectively. Also in this case 
the more miscible system presents a wider interface. However the dependence of 
the interfacial width on the thickness of the bottom layer for the two polymer 
pairs is similar: for both the systems in fact, the interfacial roughness for the 
thinner bottom layers considered (-650 A), is approximately 30% lower respect
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to the value obtained for thick layers (d > 1500 A). Thus the dependence on film 
thickness is not determined only by the limit width of the interfacial region, but 
also by the degree of polymerisation of the polymers.
thickness (A)
Figure 4.9: Interface roughness as a function of the bottom layer 
thickness for polymer pairs with high molecular weights: D68/H81 
(X=0.0018, N=10246 and *N= 17.9) and D68/H85 ( x=0.0028, N= 7767 
and xN= 22.0).
To understand the mechanism by which finite size effects influence the 
interface for longer polymer chains, in Figures 4.10, 4.11 and 4.12 systems with 
similar values of interfacial width in thicker layers and different degrees of 
polymerisation have been compared. As can be observed in Figure 4.10 and 
Figure 4.11, at higher values of interaction parameter the effect of confinement is 
stronger for polymer pairs with lower degree of polymerisation, and the interface 
for thinner films is in this case narrower. However, for lower values of the 
interaction parameter, and thus broader interfaces, the dependence of the 
interfacial width on the thickness becomes similar and the effect due to a 
confined geometry is not strongly dependent on the molecular weight of the 
polymers, as shown in Figure 4.12.
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Figure 4.10: Interface roughness as a function of the bottom layer 
thickness for polymer pairs with x=0.0033 and different N: D59/H78 (N= 
2122 and xN=6.8) and D68/H85 (N= 5341 and xN=17.7).
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Figure 4.11: Interface roughness as a function of the bottom layer 
thickness for polymer pairs with x=0.0027 and different N: D70/H86 (N= 
2262 and xN=6.2) and D68/H85 (N= 7767 and xN=22.0).
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Figure 4.12: Interface roughness as a function of the bottom layer 
thickness for polymer pairs with similar equilibrium interfacial width: 
D67/H79 (x=0.0014, N=4520 and xN=6.2) and D68/H81
(X=0.0018, N= 10246 and xN= 17.9).
This behaviour could be understood considering that polymers with 
higher molecular weights have a larger bulk correlation length gB. Thus for 
higher values of x, the short-ranged interactions between the surface and the 
interface will introduce a lateral correlation length ft that is larger than the 
dispersive capillary length adisp due to the presence of Van der Waals forces. As 
a result the cut-off for long wavelength capillary waves is provided by adisp, and 
the dependence of the interfacial roughness on film thickness for polymer with 
longer chains is weaker. For polymer pairs with lower interaction parameter, 
short-range forces become dominant, and the cut-off for smaller wave-vector is 
determined by the lateral correlation length ft. Thus the interfacial width 
increases with the square root of the thickness, and the effect of a higher 
molecular weight is less important.
As an example, the case of the polymer pairs D59/H78 (N=2122) and 
D67/H85 (N=5341) with x=0-0033 is analysed. For the first pair the bulk 
correlation length gB, estimated using relation (4.5), is 66 A, while it is 107 A
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for the polymer pair with higher N. If a bottom layer of thickness 800 A is 
considered, the values obtained for the lateral correlation length % are -3  pm for 
the polymer pair D59/H78, and - 6 jam for D67/H85, while the dispersive length 
cidis , estimated from the fit o f the experimental data obtained for bilayers 
D67/H85 with N=5431 (described in the next section), is - 3 jam. Thus, the 
dependence of the interfacial width on film thickness for systems D67/H85 is 
determined by long-ranged forces, as will be observed in the next section, since 
is higher than cidiS. On the other hand, for systems D59/H78, % and a^s are similar 
and the thickness dependence is given by a combination of long and short-ranged 
forces, as previously discussed in section 4.3.2.
4.4.2 E ffec t o f long and short-ranged forces
To determine quantitatively the relative importance of long and short- 
ranged forces in modifying the spectrum of capillary waves, the experimental 
data obtained for polymer pairs with N-4900 have been fitted to equation (4.1), 
where Xmax in equation (4.2) was equal to adisp for the case of long ranged forces 
and equal to £ for the short ranged forces. Fixing the neutrons lateral coherence 
length XCohe to 20 jam and the Hamalcer constant to -5E-20 J, as previously done, 
for the polymer pair with %N=17.7 the experimental data were well approximated 
by the theoretical prediction of a logarithmic dependence on the film thickness 
characteristic of long range forces, as shown in Figure 4.13. The best fit is 
obtained for Ao=(28±5) A and y=(0.41±0.15) mJm"2, while the values predicted 
by the Self-Consistent Field theory in the strong segregation limit are Aossl=34 A 
and yssL =0.92 mJm'2. As found for systems with N-2500, A0 is o f the same 
order of the theoretical prediction, while the interfacial tension obtained 
experimentally is approximately 50% lower then the theoretical one.
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thickness (A)
Figure 4.13: Interface roughness as a function of the bottom layer thickness 
for a polymer pair with N-4900 and degree of immiscibility xN= 17.7. The 
solid line is a fit to equation (4.1) with Xmax in equation (4.2) given by adis. 
From the fit the values Ao=28±5 A and y=(0.41 ± 0.15) mJm'2 were 
obtained.
For the polymer pair with xN=6.2, equation (4.1), with Xmax in equation
(4.2) given by £,, is in good agreement with the experimental data, as shown in 
Figure 4.14. The extrapolated values for Ao and y are Ao=(42±6) A and 
y=(0.20±0.05) mJm'2, while value found for the bulk correlation length <^B is 
(90±10) A, in good agreement with a theoretical prediction of 99 A. The 
transverse decay length k"1 obtained from the fit is (88 ± 8) A. Also in this case it 
is comparable with the measured width of the interface w of (85±10) A.
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Figure 4.14: Interface roughness as a function of the bottom layer 
thickness for a polymer pair with N-4900 and degree of immiscibility 
XN= 6.2. The solid line is a fit to equation (4.1) with Xmax in equation 
(4.2) given by From the fit the values Ao=42±6 A and y=(0.20±0.05) 
mJm'2 were obtained.
Thus, as criticality is approached, the dependence of the interfacial width 
on film thickness follows two different regimes, as observed previously for 
systems with lower molecular weights. At higher degrees of immiscibility long- 
ranged forces dominate and the dependence on film thickness is weak, while 
closer to the critical point the spectrum of capillary waves is modified by short- 
ranged forces and the interfacial width increases with the square root of the 
thickness of the film. By comparing the results obtained for polymer pairs with 
N-4900 and N-2500 (described in section 4.3.2), it can also be observed that the 
molecular weight influences the value of the interaction parameter x at which the 
transition between the two different regimes occurs. In fact, as shown in Figures 
4.10 and 4.13, forx~0.0033, the polymer pair with higher molecular weight 
presents a logarithmic dependence on film thickness, while for N-2500 the 
interfacial width increases faster.
For the other polymer pairs with N>2500 investigated, D68/H81 
(X=0.0018 and N=10246) and D68/H85 ( x=0.0027 and N=7767), it is not 
possible to fit the experimental data to equation (4.1) assuming Xmax=adiaP or 
Xmax= -^ The thickness dependence, in this case, may be due to the effect of both
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short and long-ranged forces, as previously observed in other systems with 
N-2500.
4.5 S u m m ary  and conclusions
To investigate the mechanism by which finite size effects influence the 
interface between two polymer phases, neutron reflectivity experiments have 
been performed on bilayers o f random copolymers of ethylene and ethyl- 
ethylene. The dependence of the interfacial width on film thickness was studied 
by varying the thickness of the bottom layer, while the thickness o f the top film 
was fixed at several hundreds of nanometres. Different conditions of miscibility 
were probed by using a wide range of copolymer ratios and different molecular 
weights.
In order to understand how long-ranged Van der Waals forces and short- 
ranged “truncation” forces interplay at the interface as the interaction between 
the polymers is changed, copolymers pairs with degree of polymerisation 
N-2500 and varying interaction parameter % were studied. The experimental 
results show that the interface becomes broader as the thickness of the bottom 
layer is increased, and reaches a limit value that is defined by the coherence 
length of neutrons. Comparing polymer pairs with different values o f interaction 
parameter, and thus different miscibility, it is also shown that the dependence of 
the interface roughness on film thickness is weaker for more immiscible polymer 
pairs. For degrees o f immiscibility higher than 9, the spectrum of capillary waves 
in thinner films is modified by long-range dispersion forces. As a result the 
interfacial width increases logarithmically with the thickness of the bottom layer. 
From the analysis of the experimental data values of the intrinsic interfacial 
width in agreement with the predictions of the Self-Consistent Field theory in the 
strong segregation limit are obtained. The values found for the interfacial tension 
are instead lower than the theoretical ones, suggesting that the relative 
contribution of capillary waves to the total width of the interface is higher.
To investigate the relative importance of long and short-ranged forces in 
influencing the interfacial width, a different approach was also followed to 
analyse the data. A new function F(y, Ac^2) was introduced to describe the 
dependence of the interfacial roughness on film thickness in the presence of
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long-range dispersion forces. By calculating F(y, Acj^ 2) for the series o f samples 
with different interaction parameter, the limit of long range forces was shown, 
confirming the previous results obtained.
As criticality is approached, a gradual transition is observed to a region 
where short-ranged forces become more important in influencing the 
contribution of capillary waves to the measured interfacial width, leading to a 
much stronger dependence. For the most miscible polymer pair studied, with 
degree of immiscibility %N=4.1, the cut-off for capillary waves with long 
wavelength, is detennined by truncation forces, and the interfacial roughness 
increases with the square root of the film thickness. For bottom layer thinner than 
1000 A, a stronger dependence is also observed: this could be related to a 
reduction of the intrinsic interfacial width in very thin films.
To probe the effect of a confined geometry on the interface between 
polymers with longer chains, some systems with higher molecular weights were 
also studied. As found for polymer pairs with lower molecular weights, the 
interfacial roughness increases with the thickness up to a limit value, and then 
remains constant. However the dependence on film thickness is not determined 
only by the limit value of interfacial width, but also by the degree of 
polymerisation of the polymers. By comparing systems with different N and 
similar interfacial width in absence of confinement, the effect of a confined 
geometry on the interface between polymers with longer chains was studied. At 
higher values of interaction parameter, polymer pairs with higher degree of 
polymerisation present a wider interface, and the effect due to confinement is 
less important. This can be explained considering that polymers with higher 
molecular weights have a larger lateral correlation length Thus Van der Waals 
forces will dominate over short-ranged interactions in a wider range of 
miscibility, and the dependence of the interfacial roughness on film thickness for 
polymer with longer chains is weaker respect to lower molecular weight 
polymers.
For smaller y, and thus broader interfaces, the short-ranged interaction 
between the interface and the other film boundary becomes dominant. As a result 
the dependence of the interfacial width on the thickness for systems with 
different N is similar and the effect due to a confined geometry is not strongly 
dependent on the molecular weight.
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C h a p t e r  5
T h e  s t u d y  o f  p o l y m e r / p o l y m e r  i n t e r f a c e s  
b y  c o n t r a s t  m a t c h
5.1 In tro d u c tio n
Neutron reflection is a very powerful tool to investigate surfaces and 
interfaces in polymer systems. Due to the difference in scattering cross section 
between hydrogen and deuterium, the presence of particular features at interfaces 
can be enhanced by isotopic substitutions [1]. The use of deuterium as a label for 
polymers makes possible the study of phenomena like polymer interdiffusion [2], 
segregation [3] and absorption at surfaces and interfaces [4], to cite some.
Neutron reflectivity measurements have been proved to be very sensitive 
to the presence of narrow interfaces between hydrogenated and fully or partially 
deuterated polymers. Different studies on immiscible polymer pairs have shown 
that the interfacial width between polymer phases can be determined with a 
resolution of few angstroms [5-9]. However there is an upper limit on the value 
of interfacial roughness that can be accurately measured. For broader interfaces 
the reflectivity decays very fast, as the reflection that takes place at the interface 
between the two polymers becomes weaker. The precision with which the width 
can be determined depends then on the way in which the relatively weak 
reflection from polymer/polymer interface is superimposed on the stronger 
reflections from the polymer/substrate and polymer/air interfaces. Thus the 
investigation of interfaces between more miscible polymer pairs with neutron 
reflectivity presents difficulties and other techniques need to be employed.
A way to extend the range of sensitivity of neutron reflectivity to wider 
interfaces could be to employ the contrast matching technique [9]. Substitutions 
between hydrogen (H) and deuterium (D) could be used to manipulate the
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neutron refractive index in order to match different phases and then to obtain 
contrast only from one of the interfaces present in the system. As a result, the 
structure of the single interface that originates the reflectivity profile could be 
determined more reliably.
This method has been extensively used with neutron reflectivity to study 
the absorption from solutions o f proteins [10], surfactants [11], polymers or more 
complex mixtures [12] on planar interfaces. In this case the ratio between H and 
D in the solvent is adjusted to vary the contrast at the interface, and information 
about the structure and the composition of the absorbed layer can be obtained
[13]. By making several reflectivity measurements on the same system, but with 
different components matched, a more accurate model of the overall structure of 
the system was obtained.
In the experimental work described in this Chapter, the contrast matching 
technique was applied to investigate the interface between two polymer phases. 
Experiments were performed on polymer bilayers, where the scattering length 
density (p) of the bottom layer was matched to the one o f the silicon substrate, 
while the p of the top layer was matched to the p of the air. The reflectivity 
profiles from contrast matched samples were then compared to those measured 
from bilayers of 50%-deuterated polymer and hydrogenated polymer to probe 
how the sensitivity of the technique to broader interfaces is improved.
5.2 E x p e rim e n ta l w o rk
To probe the range of sensitivity o f neutron reflectivity to broader 
interfaces when contrast matching is used, the dependence of the 
polymer/polymer interfacial width on the degree of immiscibility was studied. 
Experiments were performed on bilayers of partially deuterated copolymers of 
polyethylene and polybutene on silicon substrates. By adjusting the degree of 
deuteration, the scattering length density o f the bottom film was made equal to 
the one of the silicon substrate, while the top film was matched to the air. In this 
configuration the contrast between the polymers, given by the difference in 
scattering length density, is weaker respect to the one between a fully 
hydrogenated and a fully or partially deuterated polymer, and the reflection is
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less intense. However since the reflection should take place only at the 
polymer/polymer interface, the sensitivity o f the measurement of the roughness 
between the two polymer layers should become higher.
In order to complete the results obtained for the previous systems studied, 
different sets of experiments have been perfonned. In the first two sets the degree 
of polymerisation was fixed at approximately N-2500 and N-3300, while 
different conditions of miscibility were probed by changing the interaction 
parameter. The value of % was varied between 0.0014 and 0.0037. Table 5.1 
shows the polymer pairs studied with the relative degree of immiscibility %N, 
where N represents the degree of polymerisation of the system, as defined by 
equation (1.9), while the values of % have been calculated using the relation 
(2.29). In the table the letter S is used to identify polymers with approximately 
32% of deuterium that match the silicon substrate, while A indicates polymers 
that have scattering length density approximately equal to 0, like the air. In 
another series of samples the dependence of the interfacial width on the degree of 
miscibility was studied by varying N, while the interaction parameter was fixed 
at 0.0016. The specifications of the systems investigated are reported in Table 
5.2.
Table 5.1: Copolymer pairs studied with varying interaction parameter % and 
degree of polymerisation N-2500 andN-3300
Polymer pair X N XN
S66/A 78 0.0014 2239 3.09
S66/A 79 0.0016 2496 3.99
S66 / A83 0.0029 2120 6.23
S66 / A85 0.0037 2821 10.33
S66 / A79 0.0016 3301 5.28
S66/A 82 0.0024 3318 8.00
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Table 5.2: Copolymer pairs studied with interaction parameter % = 0 . 0 0 1 6  and
different degrees o f polymerisation N
Polymer pair X N XN
S66 / A79 0.0016 2496 3.99
S66/A 79 0.0016 3301 5.28
S66/A 79 0.0016 3665 5.86
The samples were prepared following the procedure described in section
2.4. Both layers had a thickness of approximately 4000 A, in order to avoid 
confinement effects, which have been discussed in the previous chapter. To 
allow the interfacial width to reach an equilibrium value, the samples have been 
annealed as previously described (see Chapters 3 and 4) [14].
The neutron reflectivity profiles were measured on two different 
reflectometers: D17B at the Institut Max Von Lau-Paul Langevin (Grenoble), 
and CRISP at the Rutherford Appleton Laboratory (UK). The resolution of the 
measurement varied between 3% and 5%. To check the deuteration level of the 
polymers, and thus the scattering length density of the copolymers, reflectivity 
profiles from single polymer layers on silicon substrates were also measured.
Figure 5.1 shows, as an example, the reflectivity for a single film of 
copolymer S66 of thickness 3250 A on a silicon substrate. As it can be observed, 
the profile shows the critical edge at qc =0.01 A'1. This value of qc is 
characteristic of the scattering length density of the silicon substrate, pN=2.07 E-
6 A ~2.
In Figure 5.2 the same profile is compared with the reflectivity measured 
from the bilayer S66/A78 with x=0.0014 and degree of immiscibility xN=3.1. 
Both the curves present total reflection up to qc=O.01 A"1. However, after the 
critical edge, the reflectivity profile obtained for the bilayer falls off more rapidly 
due to the presence of a rough interface between the two polymer layers.
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Figure 5.1: Reflectivity profiles for a 3250 A layer of copolymer S66 on a 
silicon substrate. The critical edge occurs at qc=0.01 A'1.
o0
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Figure 5.2: Reflectivity profiles for a 3250 A layer of copolymer S66 (red 
squares) and for the bilayer S66/A78 (blue circles) on silicon substrates.
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5.3 Results and discussion
5.3.1 Analysis o f neutron  re flec tiv ity  profiles
The measured neutron reflectivity profiles have been fitted to multilayer 
models using the program Parrat32 [15]. First, the reflectivity curves obtained 
from single layers of copolymers on silicon substrates have been analysed. The 
model used for the fit was Silicon/Silicon oxide/Polymer/Air. In the fit the silicon 
roughness was fixed to 5 A [7], while the top roughness at the interface between 
the air and the polymer films was fixed at 8 A, as found from AFM experiments, 
described in section 3.2.2. Since the thickness of both the silicon oxide layer and 
the copolymer film have been measured with ellipsometry, the fit allowed the 
determination of the scattering length density p and the interface roughness of 
the polymers. For S copolymers, matched to the silicon substrate, the value of a  
was indeed -2E-6 A'2, while for A copolymers, that should be matched to the air, 
p was found to be between -IE-7 A*2 and 6E-7 A-2. Thus the scattering length 
density of the A polymer is different from the one of the air, due to the 
difficulties in controlling the degree of deuteration precisely in the polymer 
synthesis: some H/D exchange can take place during hydrogenation as well as 
the addition reaction across the double bond, altering the ration between 
hydrogen and deuterium in the polymer. However the contrast between the air 
and the layer of A polymer remains small and should not affect considerably the 
reflectivity measurement.
Profiles obtained from bilayers have then been analysed. The model used 
for the fit was: Silicon/Silicon oxide/S copolymer/A copolymer /Air. In this 
configuration the reflectivity measurement is sensitive mainly to the value of the 
roughness at the interface between the copolymers, which can therefore be 
determined with accuracy from the fitting procedure. In the model the scattering 
length densities of the copolymer layers have been fixed to the values obtained 
from measurements on single layers, while the values of pN for the silicon oxide 
film and the silicon substrate were 3.47E-6 A “2 and 2.07E-6 A~2 respectively. It 
should be noticed that the presence of the S i02 layer between the substrate and 
the S polymer creates two additional interfaces. However, due to the small
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thickness of this film (approximately a couple of nanometres), this will affect the 
reflectivity only at higher values of the momentum transfer q.
Figure 5.3 shows the reflectivity for the copolymer pair S66 / A79, with 
interaction parameter x=0.0016 and degree of immiscibility 5.3. The interfacial 
roughness gint found for this system from the fit is (73 ± 4) A and the value of 
the x obtained for the fit shown in the Figure is 0.3.
q(A1)
Figure 5.3: Reflectivity for the copolymer pair S66 / A79 with interaction 
parameter x=0.0016 and degree of immiscibility xN=5.3: experimental 
data (empty symbols) and fit (line). The value found for the interfacial 
roughness was 73 ± 4 A and the value of the yf of the fit is 0.3 .
From the values found for the interfacial roughness gint the total width of 
the interface 2w, as given by a hyperbolic tangent profile, has then been 
determined with the relation (2.21). The values obtained for the different systems 
studied are reported in Tables 5.3 and 5.4.
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Table 5.3: Copolymer pairs studied with varying interaction parameter % and
degree o f polymerisation N -2500 and N -3300
Polymer pair X N XN 2w (A)
S66 / A78 0.0014 2239 3.09 240 ±11
S66/A 79 0.0016 2496 3.99 195 ± 11
S66 / A83 0.0029 2120 6.23 140 ± 10
S66 / A85 0.0037 2821 10.33 117 ± 8
S66 / A79 0.0016 3301 5.28 183 ± 10
S66/A 82 0.0024 3318 8.00 155 ± 10
Table 5.4: Copolymer pairs studied with interaction parameter y=0.0016 and 
different degrees of polymerisation N
Polymer pair X N XN 2w (A)
S66 / A79 0.0016 2496 3.99 198 ± 11
S66 / A79 0.0016 3301 5.28 183 ± 10
S66 / A79 0.0016 3665 5.86 195 ± 10
5.3.2 Dependence o f the in te rfa c ia l w id th  on the  
m isc ib ility
The results obtained for the interfacial width have been compared with 
the predictions of the Self-Consistent Field (SCF) theory. Numerical calculations 
were used to determine the intrinsic width of the interface and the interfacial 
tension as a function of the interaction parameter % and of the statistical segment 
length of the polymers a [16]. Following the same procedure described in section
3.4, the experimental values were then compared to the theory.
The results for polymer pairs with varying interaction parameter % and N-2500 
are displayed in Figure 5.4. As shown, the data obtained from the contrast match 
neutron reflectivity experiment are in good agreement with the SCF predictions
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and with the interfacial widths measured for bilayers D/H, previously discussed 
in Chapter 3.
XN
Figure 5.4: Interfacial width as a function of the degree of immisicibility 
XN for polymer pairs with changing interaction parameter x and degree of 
polymerisation N-2500.The experimental data obtained for bilayers S/A 
(blue squares) and D/H (red squares) are compared to numerical 
calculations of SCF theory (solid line) (courtesy of F. Schmid).
Also the results obtained for the interfacial width for S/A polymer pairs 
with N-3300 confirm the behaviour observed for polymer pairs with varying 
interaction parameter and fixed degree of polymerisation N in the previous 
experiments (section 3.4). The width obtained for x=0.0016 and x=0.0024 are 
(183±10) A and (155±10) A respectively, while the Self-Consistent Field 
predictions are 186 A and 136 A. Thus the theory well estimate the interfacial 
width for the lower value of the interaction parameter, while for x = 0.0024 the 
theoretical interface of is narrower than the experimental one.
A qualitative similar behaviour is found for polymer pairs with different 
chain lengths and x=0.0016. For xN=3.99 the experimental and the predicted 
width are (198±11) A and 206 A respectively. For the highest degree of
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immiscibility, %N=5.86, the value obtained for the measured interfacial width is 
(195+10) A, while the theoretical calculation leads to an interfacial width of 
178A. Thus, also in this case, there is a better agreement between measured 
interfacial widths and theoretical predictions for the lower degree of 
immiscibility.
5.3.3 Sensitiv ity  o f contrast m atch  neutron  
re flec tiv ity  experim ents
To probe the sensitivity of neutron reflectivity when contrast match is 
used, the reflectivity profiles obtained from bilayers S/A have been compared to 
those obtained from polymer pairs D/H.
Figure 5.5 displays reflectivities measured for two polymer pairs with 
similar interfacial width: S66/A78 with degree of immiscibility %N=3.1 and 
D70/H83 with %N=4.4. The value of the interfacial roughness gint found for 
these systems from the fits shown in the figure were (96±4) A and (92±7) A 
respectively. As shown, the critical edge for the system D/H occurs at a higher qc 
due to the presence of more deuterium in the bottom layer, and the reflection for 
q < 0.03 A'1 is more intense. However the two curves drop off with similar rate, 
showing similar values o f roughness at the interface.
From the figure it can also be noticed that the presence o f more reflecting 
interfaces in the system D/H generates bigger errors in the measured reflection, 
while the quality of the experimental data becomes better in the configuration 
S/A. This allows the determination of the value of the interfacial roughness with 
more accuracy respect to the D/H systems.
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Figure 5.5: Reflectivity profiles measured for the bilayer D70 / H83, with 
degree of immiscibility xN=4.4, and for the contrast matched polymer 
pair S66 / A78 with xN=3.1. The value of the interfacial roughness ctint 
found for these systems from the fits (solid lines) were respectively 
(92±7) A and (95± 4) A.
At q ~ 0.03 A’1 there is a cross-over between the two profiles. In the 
system S/A, the presence of the silicon oxide layer on the substrate creates 
contrast with the bottom layer of polymer (S). Thus, at higher q, the reflection 
from this sharp interface dominates respect to the polymer/polymer interface, 
until when the reflectivity curve reaches the background level. In the polymer 
pair D/H instead, due to the small contrast between the scattering length densities 
of the D polymer and the SiC>2, the presence of a thin oxide layer on the silicon 
substrate does not affect significantly the reflectivity.
The effect of the SiC>2 layer on the reflectivity profile for samples with 
configuration S/A and D/H is more clearly shown in Figure 5.7, where 
simulations of reflectivities from samples with an interfacial roughness of 95 A 
and silicon oxide layers of different thicknesses are displayed. As the thickness 
of the SiC>2 is increased from 12 A to 25 A, the profiles calculated for D/H 
systems do not present significant differences, while for samples S/A the 
intensity of the reflection at values o f q higher than -0.02 A"1 is considerably 
increased. Thus in the analysis of reflectivity profiles obtained from contrast
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matched samples the thickness of the silicon oxide layer need to be considered 
carefully.
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Figure 5.6: Simulated reflectivity profiles for samples D/H and S/A with 
interfacial roughness gint = 95 A, for two different thicknesses of the 
silicon oxide layer, 12 A and 25 A. The reflectivities for systems S/A 
have been multiplied by a factor 100.
A comparison between bilayers with the same configuration and similar 
difference in the value of the interfacial roughness was also made. In Figure 5.7 
the profile measured for the polymer pair S66/A78 is represented together with 
the reflectivity obtained from the bilayers S66/A83, with degree of immiscibility 
XN=6.2 and Gint = (56±4) A. In Figure 5.8 instead the profile measured for the 
bilayer D70/H83 is compared to the one obtained for the system D59/H78, with 
XN=6.7 and gint = (47±6) A. For both the cases the intensity o f the reflectivity 
drops down faster as the roughness at the interface between the polymer 
increases from ~50 A to ~95 A. However the difference between the two curves 
is more pronounced when contrast match is used. For values of q higher than 
-0.04 A'1, the polymer pair S66/H83 presents a stronger reflection respect to the 
system S66/A78, due to the presence of a thicker silicon oxide layers (15 A for 
S66/A78 and 22 A for S66/A83). For q < 0. 04 A'1, instead, the difference
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between the profiles is mainly due to the different interfacial widths between the 
polymer layers.
q(A'1)
Figure 5.7: Reflectivity profiles measured for the contrast matched 
polymer pairs S66 / H83, with degree of immiscibility xN=6.2, and S66 / 
A78 with xN=3.1. The value of the interfacial roughness gint found for 
these systems from the fits (solid lines) were respectively (55±4) A and 
(95±4) A.
q(A'1)
Figure 5.8: Reflectivity profiles measured for the copolymer pairs D59 / 
H78, with degree o f immiscibility xN=6.7, and D70 / H83 with xN=4.4. 
The value of the interfacial roughness gint found for these systems from 
the fits (solid lines) were respectively (47±6) A and (92±7) A.
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This is more evident in Figures 5.9 and 5.10, where the simulated S/A and D/H 
reflectivity profiles for systems with a 15 A silicon oxide layer are represented 
for the two values of interfacial roughness, 50 A and 95 A. The difference 
between the reflectivity curves, that depends in this case only on the width of the 
polymer/polymer interface, is bigger for systems S/A, showing higher sensitivity 
to the interfacial roughness in contrast match experiments.
Figure 5.9: Simulated reflectivity profiles for contrast matched samples 
(S/A), with a SiC>2 layer of 15 A for two different values of the 
polymer/polymer interfacial roughness aiNT, 50 A and 95 A.
Figure 5.10: Simulated reflectivity profiles for samples (D/H), with a 
Si02 layer of 15 A for two different values of the polymer/polymer 
interfacial roughness a[NT, 50 A and 95 A.
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A qualitative explanation for this behaviour is related to the reflections 
from the interfaces present in the system, as mentioned in the introduction. If the 
top layer of polymer (A or H), with pN ~ Pair, and the thin silicon oxide layer (as 
it has been shown it is important only for the S/A sytem at higher q values) are 
neglected, the simplified model of a thick polymer film on a sharp substrate can 
be assumed to describe the systems D/H and S/A. In this case the reflectivity for 
copolymer pairs D/H, averaged for simplicity over the thickness of the polymer 
layer, is given by [1,17]:
where pi and p2 are the scattering length densities of the substrate and of the 
layer, g 2 is the surface roughness of the layer, RF(kz0) is the Fresnel reflectivity
in the case of a sharp film on a substrate, defined in equation (2.9), while kzfi
and kzX are the wave-vectors introduced in equation (2.6) and (2.7). In the case of
contrast matched samples, where pi=p2, equation (5.1) will be reduced to the 
following expression, already discussed in Chapter 2:
The difference in reflectivity for two systems that present different values of 
surface roughness , g 2)a and a 2)B ,for copolymer pairs S/A and D/H, is then 
given by:
(R(K,o)dih)* R f(K,o) i ''1,
V A J \P\ J
( % > ! « )  ,o)exP H # A i ° U  (5.2)
and
AK(/cZ)0 )d,h = —  Atf(/cZi0).
\ A  )
/ y
P i
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From the previous equations the following relation can be obtained:
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Equation (5.5) shows that the relative change in the reflection for systems D/H, 
as the top roughness o f the polymer layer D is varied, is always lower than
(5.1), which arises from the reflection at the interface between the substrate and 
the polymer layer.
5.4 S u m m ary  and conclusions
Neutron reflectivity is very sensitive to narrow interfaces between a 
hydrogenated and a deuterated polymer, due to the high difference between the 
scattering lengths of hydrogen and deuterium. However there is an upper limit 
on the values of interfacial widths that can be accurately measured. For broader 
interfaces, the reflection of neutrons is given by the sum of different 
contributions, the relatively weak reflection from polymer/polymer interface and 
the stronger reflections from the polymer/substrate and polymer/air interfaces. 
Thus the sensitivity to the interfacial width is not very high and technical 
improvements need to be made.
To investigate this technical issue the technique of contrast match was 
employed: neutron reflectivity experiments were performed on bilayers of 
partially deuterated copolymers, where the scattering length density of the 
bottom film was made equal to the one of the silicon substrate, while the one of 
top film was matched to the one of air. In this configuration the contrast between 
the polymers is weaker and the intensity of the reflection is lower, due to the 
presence of less deuterium in the bottom layer of polymer. However, since the 
neutron beam is reflected mainly by the polymer/polymer interface, the 
sensitivity to the interfacial roughness should be improved.
In order to complete the results obtained from the study of bilayers of 
50%-deuterated and hydrogenated copolymers, the structure of the interface 
between polymer films was investigated for different degrees of immiscibility 
XN. In one series of samples the miscibility was varied by changing the %
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parameter, while the degree of polymerisation N was fixed. In other systems, N 
was varied for polymer pairs with %=0.0016.
The values of the interfacial width were then compared to those obtained 
previously and to the predictions of the theory. The data obtained from neutron 
reflectivity experiments in contrast match are in good agreement with the results 
found for bilayers of partially deuterated and hydrogenated copolymers, as 
described in Chapter 3.
Reflectivity profiles from contrast matched samples were also compared 
to those measured from bilayers of 50%-deuterated and hydrogenated polymers. 
When contrast match is used, the intensity of the reflection from bilayers with 
similar values of interfacial roughness is lower. However the experimental data 
allowed the determination of the interfacial width with more accuracy.
The comparison between reflectivities from bilayers with similar 
differences in the value of the interfacial roughness was also made. As the 
interfacial roughness increases the curves drop off faster, however the difference 
between two profiles is more pronounced when contrast match is used, indicating 
a higher sensitivity of the technique to the interfacial roughness.
Contrast match can then be employed to extend the range of sensitivity of 
neutron reflectivity to broader interfaces, and could be used in future work to 
characterise the divergence of the interface at very low degrees of immiscibility.
128
5 . 5  R e f e r e n c e s
1] T.P. Russell, Mater. Sci. Progr., 5, 171, (1990)
2] A. Karim et al. Phys. Rev. B, 42, 6846 (1990)
3] R.A.L. Jones et al., Europhys. Lett.,12, 41 (1990)
4] J. Penfold, R.K. Thomas,J. Phys. Cond. Matt.,2,1369 (1990)
5] M.L. Fernandez et al., Polymer, 29, 1923 (1988)
6] S.P. Anastasiadis et al., J. Chem. Phys., 92, 5677 (1990)
7] M. Sferrazza et al., Phys. Rev. Lett., 78, 3693 (1997)
8] J. Genzer, R. J. Composto, Polymer,40, 4223 (1999)
9] T.L. Crowley et al., Physica B, 173, 143 (1991)
10] J.R. Lu, Ann. Rep. Pro. Chem. Sect. C, 95, 3 (1999)
11] J.R. Lu et al., Adv. Coll. Int. Sci.,143 (2000)
12] J. Penfold et al., Langmuir, 13, 6638 (1998)
13] G. Fragneto, J. Phys. Cond. Matt., 13, 4973 (2001)
14] A. Losch et al., J. Polymer S c i., 33 , 1821 (1995)
15] L.G. Parratt, Phys. Rev, 95, 359 (1954)
16] A. Werner et al., J. Chem. Phys., 107, 8175 (1997)
17] I. M. Tidswell et al., Phys. Rev. B, 41, 1111 (1990)
Chapter 6
S u m m a r y  a n d  c o n c l u s i o n s
In the research work presented in this thesis a comprehensive study of the 
structure of polymer/polymer interfaces was undertaken. The experimental effort 
was focused on a class of polymers ideally suited for interfacial studies, random 
copolymers of polyolefins. These systems offer the possibility to tune the 
interaction parameter of the polymer pair, and thus to control the conditions of 
miscibility.
The structure o f the interface between hydrogenated and partially 
deuterated polyolefin films was investigated by using neutron reflectivity. 
Experiments were designed to characterise the dependence o f the width of the 
interface on the degree of immiscibility of the polymers as criticality is 
approached, and to study the effect of a confined geometry on the interface.
In order to understand the relative importance of energetic interactions 
and chain length effects in determining the interfacial profile, two different 
approaches were used to vary the miscibility o f the polymers. In one set of 
experiments the length of the polymer chains was fixed, and different conditions 
of miscibility were probed by changing the interaction parameter. In other 
systems the effect of the molecular weight on the interfacial width was 
investigated on polymer pairs with the same interaction parameter.
For all the systems studied, the experimental results showed that as the 
miscibility is increased the interface becomes broader. However two different 
regimes were found for the dependence of the interfacial width on the distance 
away from the critical point. For strongly immiscible polymer pairs, the width of
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the interface increases slowly when the degree of immiscibility is decreased. The 
interfacial width varies in this case only with the interaction parameter %, and it 
is independent on the degree of polymerisation N of the polymers. Closer to the 
critical point the dependence on the degree of miscibility becomes stronger and 
the way in which the interfacial width diverges, as criticality is approached, is 
related to the chain length and to %•
To make a quantitative analysis, the results were compared with the 
predictions of mean-field theories. To compare theory and experiments, the 
additional contribution of capillary waves to the interfacial width needed to be 
considered. These fluctuations of the local position of the interface have the 
effect to broad the intrinsic width. As a result, the interfacial profile depends not 
only on the miscibility of the polymers, but also on factors that may influence the 
capillary wave term, such as the coherence length of the experimental technique, 
and external forces that may modify the spectrum of capillary waves.
Our experiments found that the Self-Consistent Field theory numerical 
calculations, with the additional contribution due to capillary waves, provides a 
good description of the width o f the interface between two polymer bulk phases 
in particular at intermediate values o f X-
The experimental values o f interfacial width were also compared with the 
analytical expressions derived from mean field theories in the strong and weak 
segregation limits. At high degrees of immiscibility, the SCF theory, in the 
strong segregation limit, predicts a narrower interfacial region than the one found 
in the experiments. Agreement might be obtained if a lower interfacial tension, 
and thus a higher contribution of capillary waves to the measured width, is 
considered. For lower xN the interfacial width starts to diverge and there is a 
crossover to a region of miscibility where the Square Gradient Theory, in the 
weak segregation limit, better approximates the experimental data.
Polymer/polymer interfaces are modified in thin films. To investigate the 
mechanism by which confinement affects the interface between two polymer 
phases, the dependence of the interfacial width on film thickness was studied in 
bilayers of polyolefins. In these systems the thickness of the bottom layer of 
polymers was varied, while the top film was fixed at several hundreds of 
nanometres. In order to understand how long-ranged Van der Waals forces and
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short-ranged “truncation” forces interplay at the interface for different conditions 
of miscibility as criticality is approached, copolymer pairs with varying 
interaction parameter % and different chain lengths were investigated.
For all the systems studied, as the film thickness was increased, the 
experimental interface became broader, until an equilibrium value was reached. 
Comparing polymer pairs with different interaction parameters, two regimes 
were found for the dependence of the interfacial roughness on film thickness. At 
higher degrees of immiscibility, long-ranged dispersion forces are dominant in 
modifying the spectrum of capillary waves in thinner films. As a result the 
interfacial width increases logarithmically with the film thickness, and the values 
of the intrinsic interfacial width extracted are in agreement with the predictions 
of the Self-Consistent Field theory. The values found for the interfacial tension 
are, however, lower than the theoretical ones. This suggests that the relative 
contribution of capillary waves to the total width of the interface is higher, 
confirming what was obtained with the previous results on the thick/thick 
systems. As criticality is approached, a gradual transition was observed to a 
regime where short-range forces become more important in influencing the 
contribution of capillary waves to the measured interfacial width, leading to a 
much stronger dependence of the width on the film thickness. For the most 
miscible polymer pair studied, the interfacial roughness increased with the square 
root of the film thickness.
These results offer an explanation for the contrasting experimental results 
present in the literature on the thickness dependence of interfacial widths 
between coexisting polymer phases in a confined geometry, where a square root 
dependence on the thickness was observed for a polymer pair rather close to the 
critical point, and a logarithmic dependence on the thickness was instead found 
for more immiscible polymers.
To understand the possible effect of the polymers molecular weight, the 
thickness dependence of the interfacial width for polymer pairs with different 
chain lengths was also studied. At higher values of interaction parameter, 
experiments on polymer/polymer interfaces, in absence of confinement, showed 
that the total interfacial width is mainly determined by the interaction parameter 
X* However the length o f the polymer chains has an important role in the
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determination of the dependence on film thickness. Polymer pairs with a higher 
degree of polymerisation presented, in fact, a wider interface for the same 
thickness of the bottom film. This may be related to the lateral correlation length, 
that arises from the truncation of the interfacial profile by short-range forces, 
which is larger for polymers with higher molecular weights. Thus Van der Waals 
forces dominate over short-ranged interactions in a wider range of miscibility, 
leading to a weaker dependence on film thickness with respect to lower 
molecular weight polymers. For smaller %, and thus broader interfaces, the short- 
range interaction between the interface and the other film boundary becomes 
dominant. As a result the effect due to the finite size is not strongly dependent on 
the molecular weight and the observed dependence of the interfacial width on the 
thickness for systems with different degree of polymerisation was similar.
Neutron reflectivity measurements are very sensitive to narrow interfaces. 
However this technique becomes less accurate when broader interfaces between 
quasi-miscible polymer pairs are studied. For broader interfaces, the reflection of 
the neutron beam is given by the sum of the relatively weak reflection from the 
polymer/polymer interface and the stronger reflections from the 
polymer/substrate and polymer/air interfaces.
The contrast matching technique for thin polymer films was explored to 
understand the limit of sensitivity of the technique. Substitutions between 
hydrogen and deuterium were used to manipulate the refractive index and match 
the different phases, to obtain contrast only at the interface between the two 
polymer layers.
The value determined for the interfacial width in contrast match was 
more accurate, due to the smaller errors in the reflectivity. The analysis of the 
experimental reflectivities showed also that the difference between two profiles 
with different interfacial roughness is more pronounced when contrast match is 
used, indicating a higher sensitivity to the roughness at the polymer/polymer 
interface. Contrast match could then be employed in the future to extend the 
range of sensitivity of the technique, and could be used to characterise the 
divergence of the interface in systems very close to criticality.
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In conclusion, the extensive work of this thesis gives a deeper insight into 
the role played by the intrinsic interfacial width and by capillary waves in 
determining the structure of the interface between two coexisting thin polymer 
phases. This could be particularly relevant in technology, since the understanding 
of the interfacial structure in polymer systems will help to elucidate the 
mechanism of adhesion, and will provide guiding principles to design new 
materials, where the strength of the interface can be controlled. Moreover this 
study gives an input to the statistical mechanical theory of interfaces in confined 
geometries, and to the theoretical understanding of the role o f interfacial 
fluctuations at interfaces, which has a wider relevance in more complex systems, 
such as surfactant phases and biological membranes.
An extension of this work would be the investigation of the correlation 
between the molecular structure of a polymer/polymer interface and the 
dynamics by which the interface reaches the equilibrium over time. This issue 
may be of particular interest in confined geometries, where the presence of long 
and short-ranged forces may have an important effect.
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